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Summary 
Summary 
Plant-derived polyphenolic compounds such as flavonoids, tannins, curcuminoids, 
stilbenes and the hydroxycinnamate phenolic acids (caffeic acid and /?-coumaric acid) 
possess a wide range of pharmacological properties, the mechanisms of which have 
been the subject of considerable interest. They are recognized as naturally occurring 
antioxidants and have also been implicated as anticancer compounds. In recent years, 
several reports have documented that plant polyphenolics including curcumin, caffeic 
acid, resveratrol and gallocatechins such as gallic acid, epigallocatechin, epicatechin-3-
gallate and epigallocatechin-3-gallate (EGCG) induce apoptosis in various cancer cell 
lines. Gallocatechins are constituents of green tea, the consumption of which is known 
to reduce the risk of various cancers such as those of bladder, prostate, esophagus and 
stomach. Caffeic acid is found in fruits, vegetables, grains and coffee is a major source. 
Of particular interest is the observation that a number of these polyphenols including 
epigallocatechin-3-gallate, gallic acid and resveratrol induce apoptosis in various cancer 
cell lines but not in normal cells. 
Studies in this laboratory have shown that flavonoids, tarmic acid and its 
structural constituent gallic acid, curcumin, gallocatechins and resveratrol cause 
oxidative strand breakage in DNA either alone or in the presence of transition metal 
ions such as copper. Copper is an important metal ion present in chromatin and is 
closely associated with DNA bases particularly guanine. It is also one of the most redox 
active of various metal ions present in cells. Most of the pharmacological properties of 
plant polyphenols are considered to reflect their ability to scavenge endogenously 
generated oxygen radicals or those free radicals formed by various xenobiotics, 
radiation etc. However, some data in literature suggests that antioxidant properties of 
the polyphenolic compounds may not fully account for their anticancer effects. Most of 
the plant polyphenols possess both antioxidant as well as prooxidant properties and 
reports from this laboratory have earlier proposed that the prooxidant action of 
polyphenolics may be an important mechanism of their anticancer and apoptosis 
inducing properties. Such a mechanism for the cytotoxic action of these compounds 
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against cancer cells would involve mobilization of endogenous copper ions and the 
consequent prooxidant action. 
Caffeic acid is a polyphenol possessing a catecholic dihydroxy moiety and it 
belongs to a class of compounds known as hydroxycinnamates. As mentioned in 
"Introduction" of the present study caffeic acid possesses chemopreventive properties 
against cancer. It is recognized as a naturally occurring antioxidant but also catalyses 
oxidative DNA degradation in vitro in the presence of transition metal ions such as 
copper. In view of this in the first chapter of the thesis I have compared the oxidative 
DNA cleavage mechanism of caffeic acid with its structural analogue p-coumaric acid 
which is also its parent compound and also to o-coumaric acid. All three are able to 
cleave calf-thymus DNA in the presence of copper ions. However, among all the three 
phenols only caffeic acid could cleave supercoiled plasmid pBR322 DNA in the 
presence of copper ions at the concentrations tested. More significantly the rate of DNA 
breakage correlates with the efficiency of Cu(II) reduction and the rate of formation of 
hydroxyl radicals. P-coumaric acid and o-coumaric acid cleave DNA but less efficiently 
as compared to caffeic acid suggesting that the number and position of hydroxyl groups 
on the cinnamate molecule are important factors in determining the DNA cleavage 
efficiency. In fluorescence and absorption studies it is shown that all the three phenols 
are able to bind as well as reduce copper ions. Further these phenols are also able to 
bind DNA. 
In the second chapter of the thesis an attempt has been made to explore whether 
the caffeic acid-Cu(II) system is capable of causing DNA degradation in cells such as 
lymphocytes. Using a cellular system of lymphocytes isolated from human peripheral 
blood and alkaline single cell gel electrophoresis (Comet assay), it was confirmed that 
caffeic acid-Cu(II) system is indeed capable of causing DNA breakage in cells such as 
lymphocytes. Also, p-coumaric acid possessing a single hydroxyl group is less efficient 
in this system. Preincubation of lymphocytes with caffeic acid indicates that it is 
capable of either traversing the cell membrane or binding to it. These results are in 
partial support of the hypothesis that anticancer properties of various plant derived 
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polyphenols may involve mobilization of endogenous copper and the consequent 
prooxidant action. 
In the third and final chapter of the thesis it is shown that a number of 
polyphenols with diverse chemical structures including caffeic acid are capable of 
inducing DNA breakage in lymphocytes in the absence of added copper ions. 
Incubation of lymphocytes with neocuproine inhibited the DNA breakage confirming 
that Cu(I) is an intermediate in the DNA cleavage pathway. Further, it is also shown 
that polyphenols induce generation of hydroxyl radicals in lymphocytes and 
neocuproine and hydroxyl radical quenchers inhibit such radical formation. These 
results are in further support of the hypothesis that anticancer mechanism of plant 
polyphenols may involve mobilization of endogenous copper possibly chromatin bound 
copper. 
The question of bioavailability of polyphenols also needs to be addressed. Some 
evidence suggests that polyphenolic compounds such as tannins, resveratrol and caffeic 
acid are able to traverse cell membranes and may enter the cytoplasmic space. Caffeic 
acid is sufficiently hydrophobic and has been shown to be present in human plasma. 
The ability of gallotannins to enter the cell is indicated by the observation that tannic 
acid prevents formation of benz-(a)-pyrene-DNA adduct by inhibiting the binding of the 
ultimate carcinogen to target tissue DNA rather than by altering the metabolism of 
benz-(a)-pyrene. It has been reported that 0.8% caffeic acid in the diet is associated with 
plasma concentrations of up to about 5.52 micromolars. Dietary caffeic acid is readily 
absorbed by humans and rat where it circulates in plasma at micromolar concentrations. 
Oral administration of caffeic acid has been reported to inhibit subcutaneous tumor 
growth in mice. In a relatively recent work caffeic acid has been shown to inhibit 
hepatoma growth and metastasis achieving complete regression. In this context it should 
be noted that in the present study the minimum concentration of caffeic acid tested in 
the presence of copper ions for DNA breakage in lymphocytes is 10 nM. However the 
minimum concentration of caffeic acid alone required for DNA breakage in 
lymphocytes is between 200-400 \iM. Because of higher intracellular copper levels in 
cancer cells it may be predicted that such concentrations of caffeic acid required for the 
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cytotoxic action against such cells would be considerably lower. Indeed it has been 
shown that ascorbate which also acts as a prooxidant in the presence of copper ions is 
cytotoxic to a leukemic cell line at a lower concentration than normal lymphocytes. 
Most studies on anticancer mechanisms of plant polyphenols invoke the induction of 
cell cycle arrest at the S/G2 phase transition brought about by an increase in cyclins A 
and E and inactivation of cdc2. Other mechanisms have also been proposed. Based on 
the work presented in this thesis it is proposed that mobilization of endogenous copper 
ions by plant polyphenols and the consequent prooxidant action could be one of the 
important mechanisms for their anticancer and chemopreventive properties. Indeed such 
a common mechanism would better explain the anticancer effects of the polyphenols 
with diverse chemical structures as also the preferential cytotoxicity towards cancer 
cells. 
STUDIES ON THE MECHANISM OF ACTION OF 
PLANT DERIVED POLYPHENOLIC COMPOUNDS 
(Caffeic acid-Cu(ll) induced DNA breakage in 
human peripheral lymphocytes: Implications 
for anticancer properties) 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
doctor of ^t)tlQ£SopI)P 
IN 
BIOCHEMISTRY 
y y -v: 
BY 
SHOWKET HUSSAIN BHAT 
DEPARTMENT OF BIOCHEMISTRY 
FACULTY OF LIFE SCIENCES 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2006 
'm Uni'«^,U-
T6408 
I'honcs ; ( I N I ) OttkC—>J1 
IM. (0571) :7lK)74l 
rdcx : 564—:>0 AMU IN 
D E P A R T M B K T O F B I O C H E M I S T R Y 
FACULTY OF LIFE SCIENCES 
ALIGARH MUSLIM UNIVERSITY 
ALlGARH-202 002 (INDIA) 
Date(]..O^.r..9.<f.r..?^.9..<:>.. 
Certificate 
This is to certify that the work presented in this thesis has been 
carried out by Mr. Showket Hussain Bhat under my supervision. It is 
original in nature and has not been submitted for any other degree. 
S.M. Hadi 
(Professor) 
0, \c 
^cfenotolebgement lA^ii*^*^ 
First and foremost, I render infinite thanks to Allah, who sustains me and gave me the 
strength, determination and discipline to complete the thesis. 
In my opinion doing Ph.D. is a sacred task. Ifi:lt like it was a journey that was made 
easier by 'togetherness'. My thesis is the result of three and a half years of work whereby I have 
been accompanied and supported by many people. It is a pleasant aspect that almighty has 
provided me tww the opportunity' for a tn' to express my gratitude for all of you. 
I feel immense pleasure to thank my supervisor Prof. SM Hadi. During these years I 
have known Prof. Hadi as a sympathetic and principle-centered person. His overly enthusiasm 
and integral vien^ on scientific research has made a deep impression on me. I owe him lots of 
gratitude for having me shown this way of research. I am really glad that I have come to get 
Imown prof Hadi in my life. 
I would like to thank Prof. Saleemuddin, presently chairman of our department, for 
providing me the necessaty research facilities. Specific thanks go to Prof. Massod Ahmad and 
Prof. A.N.K. Tonsfi for consistent encouragements. Sincre thanks are also due to my teachers, 
Dr. Bilqucs Batio, Dr. Qavoom Sahib, Dr. Riyaz Malnnood, Dr. Imrana Naseem, Dr. Naheed, 
Dr. Tabish Sahib, Dr. Vaheem Halim Khan and Dr. Mana Mirza for their cooperative 
attitude. Certainly sharing of some thoughts and ideas with Aagha khan Sahib has meant a 
great deal to me. 
Kind help extended by Wasim Bhai, Salim Bhai, Qadir Bhai, Dilshad Bhai and Akeel 
are achiowledged with appreciation. A friendly relationship with Azad Sahib has been a great 
experience. 
I have had a good fortune to work with my colleagues Asfar, I<Cankashan Warsi 
Sannad, Eram, Nishtcec and Uzma. It was a pleasure to work with them and I thattk you all 
for having shared my experiences and thoughts throughout the last several years. I am grateful 
to my senior colleagues Sonish Azam, Shahid Bhai, Amjad Bhai, Sohail Bhai, Kashif Bhai, 
Kaleem Bhai, Samina Aapa for their cooperative attitude. I have special admiration for Medda 
and Shubha. Certainly you have added everlasting happiness to my life. I appreciate the friendly 
nature shown by Shamela, Deeba, Tashci, Mahreen, Aiman, Irfima and also by Shahnawaz, 
Jeelani and Shams. I express humble feelings towards Sadafand Sumbul. 
I am lucky and feel too happy for being associated with some good friends. Fayaz is a 
true inspiration to me. Tou are a guide towards 'truthtiess' to me. Sandeep has added vitality in 
my work. Special thanks go to Riff at, Shahab Vicjar, Fouzia and Sheema. Tou all have inspired 
me in my life. I have been feeling emotional thinking about Ariyva. Tou have positively 
contributed not only in my research but more particularly to my life. Dear I am unable to collect 
words for you and let the feelings remain in my heart for this is the place where I keep you (well, 
you can catch and click some more poses for some more time). Bhairaj, Tang, Tariq wani, Tariq 
lefty and Farooq all have contributed to %appiness^ in my life. Arshad and Ayub always stood by 
my side whenever I needed them. Safdar Dk. And Tasir have added fun in my life. I cannot 
forget the good times spent mth Sarju, Roney, Feroz, Azhar, Faraz and Mota. Showkat, 
Firdous, Mushtaq, Imtiyaz, Ifti, Aabid, Kashif Khan, Zubair and Gowhar Nabijmarvelous 
pull) always made my life enjoyable. Dewan ji, Parveez Bhai and Sohail Bhai made my time 
entertaining in the hostel. And yes, a true companion of mine for all times, (late) Sheikh 
Showkat Rahim. Tou are the only person who ignited my potentials and helped built confidence 
in me. I feel your presence around me at every moment of joy and sorrow. My dearest of all, you 
may have Icfl: to the heavens but on this soil you remain in my heart and you will he their for all 
times to come. 
Two too witty children whom I met in Aligarh, Shibli and Ansareen- though small and 
innocent you both have made me to think about 'courage'. Lots of love and respect to both of you. 
My sincere thanks to Mr. Abul Irfan (All-In-One Computers, Raftq Complex, 
Aligarh) for patiently typing and formatting my thesis. 
And of course, my family has guided, helped and supported me at all times in my life. 
For me my papa is an idol of'truthness'. Dearest mother, my mom, you are only next to Allah 
to me. I bow to you and your affection for me. I love you. My dear brother, your stay at Aligarh 
from the last two years has given me lots of comfort. Lots of love to you. My grand parents (may 
their souls rest in peace in the heavens) Baba, Moojh and Dedh have been too special to me. My 
dear Dedh, you have made me feel what love, affection and patience is all about in life. 
J^h^ 
ShowkET HussAiN BhAT 
This work is dedicated to 
my grandmother, Dedh 
my friend, late sheikh showket Rahim 
and 
my family 
Contents 
Title Page No. 
List of illustrations I 
List of tables IV 
List of abbreviations V 
Summary VI 
Introduction 1 
Scope of work 21 
Materials and methods 23 
Chapter I: DNA binding and its degradation by caffeic acid and its 
analogs para and ortho coumaric acids in the presence of copper ions. 
Results-I: 31 
Discussion-I: 49 
Chapter II: Caffeic acid-Cu(II) induced oxidative DNA breakage 
in human peripheral lymphocytes. . 
Results -II: 52 
Discussion-II: 65 
Chapter III: Plant polyphenols mobilize endogenous copper in 
human peripheral lymphocytes leading to oxidat-
ive DNA breakage. 
Results-Ill: 67 
Discussion-III: 78 
Bibliography 82 
List of publications X 
List of illustrations 
S.No. Page No. 
Figure 1. Biosynthesis of polyphenols in higher plants. 4 
Figure 2. Structure of caffeic acid, /?-coumaric acid and o-coumaric 
acid. 10 
Figure 3. Detection of caffeic acid-Cu(II) complex. 33 
Figure 4. Detection of p-coumaric acid-Cu(II) complex. 34 
Figure 5. Detection of o-coumaric acid-Cu(II) complex. 35 
Figure 6. Effect of increasing native DNA base pair molar ratios 
on the fluorescence emission spectrum of caffeic acid. 36 
Figure 7. Effect of increasing native DNA base pair molar ratios 
on the fluorescence emission spectrum of p-coumaric acid. 37 
Figure 8. Effect of increasing concentration of Cu(ll) on the 
fluorescence emission spectrum of caffeic acid. 38 
Figure 9. Effect of increasing concentration of Cu(II) on the 
fluorescence emission spectrum of p-coumaric acid. 39 
Figure 10. Reduction of Cu(II) by caffeic acid, p-coumaric acid 
and o-coumaric acid. 40 
Figure 11. Detection and comparison of reducing power of caffeic 
acid, p-coumaric acid and o-coumaric acid. 41 
Figure 12. Degradation of calf thymus DNA by caffeic acid, 
p-coumaric acid and o-coumaric acid in the presence 
of Cu(II) as measured by the degree of single strand 
specific nuclease digestion. 44 
Figure 13. Thermal melting profile of caffeic acid treated calf 
thymus DNA. 45 
Figure 14. Photogeneration of superoxide anion by caffeic acid, 
p-coumaric acid and o-coumaric acid on illumination 
under fluorescent light as a function of time. 46 
Figure 15. Hydroxyl radical generation by caffeic acid, 
/7-coumaric acid and o-coumaric acid. 47 
Figure 16. Agarose gel electrophoretic pattern of ethidium bromide 
stained pBR322 DNA after treatment with caffeic acid, 
/7-coumaric acid and o-coumaric acid in the absence and 
presence of Cu(II). 48 
Figure 17. Standardization of Comet assay with H2O2. 55 
Figure 18. Standardization of Comet assay with H2O2. 56 
Figure 19A. DNA breakage by caffeic acid-Cu(II) in human peripheral 
lymphocytes as measured by Comet assay. 57 
Figure 19B. DNA breakage by increasing concentrations of Cu(II) 
in human peripheral lymphocytes as measured 
by Comet assay. 58 
Figure 20. DNA breakage by caffeic acid-Cu(II) in human peripheral 
lymphocytes as measured by Comet assay. 59 
Figure 21. DNA breakage by caffeic acid-Cu(II) in human peripheral 
lymphocytes as measured by Comet assay. 60 
Figure 22. A comparison of the DNA breakage in human lymphocytes 
by caffeic acid, p-coumaric acid and o-coumaric acid 
by Comet assay. 61 
Figure 23. Effect of preincubating the lymphocytes with increasing 
concentrations of caffeic acid on DNA breakage. 62 
Figure 24. Effect of preincubating the lymphocytes with increasing 
concentrations of Cu(II) on DNA breakage. 63 
Figure 25. DNA breakage by caffeic acid in lymphocytes as measured 
by Comet assay. 71 
Figure 26. Effect of increasing concentrations of caffeic acid on DNA 
breakage in lymphocytes. 72 
Figure 27. Effect of increasing concentrations of neocuproine on caffeic 
acid induced DNA breakage in human lymphocytes. 73 
II 
Figure 28. Comparison of various polyphenols on tlie induction of 
DNA breakage in liuman lymphocytes. 74 
Figure 29. Effect of preincubation of lymphocytes with neocuproine 
and thiourea on TBARS generated by increasing concentr-
ations of caffeic acid (A) and gallic acid (B). 75 
Figure 30. Detection of caffeic acid induced H2O2 formation in the 
incubation medium by FOX assay. 76 
III 
LIST OF TABLES 
S. No. Page No. 
1. Effect of scavengers of reactive oxygen species on lymphocyte 
DNA breakage by caffeic acid-Cu(II). 64 
2. Effect of scavengers of reactive oxygen species on caffeic 
acid induced lymphocyte DNA breakage. 77 
IV 
List of abbreviations 
CA Caffeic acid 
TEARS Thiobarbituric acid reactive substance 
ROS Reactive oxygen species 
EGCG Epigallocatechin gallate 
PhK Phosphorylase kinase 
V 
m 
SUMMARY 
h ffi 
Summary 
Plant-derived polyphenolic compounds such as flavonoids, tannins, curcuminoids, 
stilbenes and the hydroxycinnamate phenoUc acids (caffeic acid and p-coumaric acid) 
possess a wide range of phamiacological properties, the mechanisms of which have 
been the subject of considerable interest. They are recognized as naturally occurring 
antioxidants and have also been implicated as anticancer compounds. In recent years, 
several reports have documented that plant polyphenolics including curcumin, caffeic 
acid, resveratrol and gallocatechins such as gallic acid, epigallocatechin, epicatechin-3-
gallate and epigallocatechin-3-gallate (EGCG) induce apoptosis in various cancer cell 
lines. Gallocatechins are constituents of green tea, the consumption of which is known 
to reduce the risk of various cancers such as those of bladder, prostate, esophagus and 
stomach. Caffeic acid is found in fruits, vegetables, grains and coffee is a major source. 
Of particular interest is the observation that a number of these polyphenols including 
epigallocatechin-3-gallate, gallic acid and resveratrol induce apoptosis in various cancer 
cell lines but not in normal cells. 
Studies in this laboratory have shown that flavonoids, tannic acid and its 
structural constituent gallic acid, curcumin, gallocatechins and resveratrol cause 
oxidative strand breakage in DNA either alone or in the presence of transition metal 
ions such as copper. Copper is an important metal ion present in chromatin and is 
closely associated with DNA bases particularly guanine. It is also one of the most redox 
active of various metal ions present in cells. Most of the pharmacological properties of 
plant polyphenols are considered to reflect their ability to scavenge endogenously 
generated oxygen radicals or those free radicals formed by various xenobiotics, 
radiation etc. However, some data in literature suggests that antioxidant properties of 
the polyphenolic compounds may not fully account for their anticancer effects. Most of 
the plant polyphenols possess both antioxidant as well as prooxidant properties and 
reports from this laboratory have earlier proposed that the prooxidant action of 
polyphenolics may be an important mechanism of their anticancer and apoptosis 
inducing properties. Such a mechanism for the cytotoxic action of these compounds 
VI 
against cancer cells would involve mobilization of endogenous copper ions and the 
consequent prooxidant action. 
Caffeic acid is a polyphenol possessing a catecholic dihydroxy moiety and it 
belongs to a class of compounds known as hydroxycinnamates. As mentioned in 
"Introduction" of the present study caffeic acid possesses chemopreventive properties 
against cancer. It is recognized as a naturally occurring antioxidant but also catalyses 
oxidative DNA degradation in vitro in the presence of transition metal ions such as 
copper. In view of this in the first chapter of the thesis I have compared the oxidative 
DNA cleavage mechanism of caffeic acid with its structural analogue p-coumaric acid 
which is also its parent compound and also to o-coumaric acid. All three are able to 
cleave calf-thymus DNA in the presence of copper ions. However, among all the three 
phenols only caffeic acid could cleave supercoiled plasmid pBR322 DNA in the 
presence of copper ions at the concentrations tested. More significantly the rate of DNA 
breakage correlates with the efficiency of Cu(II) reduction and the rate of formation of 
hydroxyl radicals. P-coumaric acid and o-coumaric acid cleave DNA but less efficiently 
as compared to caffeic acid suggesting that the number and position of hydroxyl groups 
on the cinnamate molecule are important factors in determining the DNA cleavage 
efficiency. In fluorescence and absorption studies it is shown that all the three phenols 
are able to bind as well as reduce copper ions. Further these phenols are also able to 
bind DNA. 
In the second chapter of the thesis an attempt has been made to explore whether 
the caffeic acid-Cu(II) system is capable of causing DNA degradation in cells such as 
lymphocytes. Using a cellular system of lymphocytes isolated from human peripheral 
blood and alkaline single cell gel electrophoresis (Comet assay), it was confirmed that 
caffeic acid-Cu(II) system is indeed capable of causing DNA breakage in cells such as 
lymphocytes. Also, /7-coumaric acid possessing a single hydroxyl group is less efficient 
in this system. Preincubation of lymphocytes with caffeic acid indicates that it is 
capable of either traversing the cell membrane or binding to it. These results are in 
partial support of the hypothesis that anticancer properties of various plant derived 
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polyphenols may involve mobilization of endogenous copper and the consequent 
prooxidant action. 
In the third and final chapter of the thesis it is shown that a number of 
polyphenols with diverse chemical structures including caffeic acid are capable of 
inducing DNA breakage in lymphocytes in the absence of added copper ions. 
Incubation of lymphocytes with neocuproine inhibited the DNA breakage confirming 
that Cu(I) is an intermediate in the DNA cleavage pathway. Further, it is also shown 
that polyphenols induce generation of hydroxyl radicals in lymphocytes and 
neocuproine and hydroxyl radical quenchers inhibit such radical formation. These 
results are in further support of the hypothesis that anticancer mechanism of plant 
polyphenols may involve mobilization of endogenous copper possibly chromatin bound 
copper. 
The question of bioavailability of polyphenols also needs to be addressed. Some 
evidence suggests that polyphenolic compounds such as tannins, resveratrol and caffeic 
acid are able to traverse cell membranes and may enter the cytoplasmic space. Caffeic 
acid is sufficiently hydrophobic and has been shovm to be present in human plasma. 
The ability of gallotarmins to enter the cell is indicated by the observation that tannic 
acid prevents formation of benz-(a)-pyrene-DNA adduct by inhibiting the binding of the 
ultimate carcinogen to target tissue DNA rather than by altering the metabolism of 
benz-(a)-pyrene. It has been reported that 0.8% caffeic acid in the diet is associated with 
plasma concentrations of up to about 5.52 micromolars. Dietary caffeic acid is readily 
absorbed by humans and rat where it circulates in plasma at micromolar concentrations. 
Oral administration of caffeic acid has been reported to inhibit subcutaneous tumor 
growth in mice. In a relatively recent work caffeic acid has been shown to inhibit 
hepatoma growth and metastasis achieving complete regression. In this context it should 
be noted that in the present study the minimum concentration of caffeic acid tested in 
the presence of copper ions for DNA breakage in lymphocytes is 10 |iM. However the 
minimum concentration of caffeic acid alone required for DNA breakage in 
lymphocytes is between 200-400 |_iM. Because of higher intracellular copper levels in 
cancer cells it may be predicted that such concentrations of caffeic acid required for the 
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cytotoxic action against such cells would be considerably lower. Indeed it has been 
shown that ascorbate which also acts as a prooxidant in the presence of copper ions is 
cytotoxic to a leukemic cell line at a lower concentration than normal lymphocytes. 
Most studies on anticancer mechanisms of plant polyphenols invoke the induction of 
cell cycle arrest at the S/G2 phase transition brought about by an increase in cyclins A 
and E and inactivation of cdc2. Other mechanisms have also been proposed. Based on 
the work presented in this thesis it is proposed that mobilization of endogenous copper 
ions by plant polyphenols and the consequent prooxidant action could be one of the 
important mechanisms for their anticancer and chemopreventive properties. Indeed such 
a common mechanism would better explain the anticancer effects of the polyphenols 
with diverse chemical structures as also the preferential cytotoxicity towards cancer 
cells. 
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Introduction 
INTRODUCTION 
Dietary constituents and prevention of disease 
Food provides not only essential nutrients needed for life but also other 
bioactive compounds for health promotion and disease prevention. Previous 
epidemiological studies have consistently shown that diet plays crucial role in 
the protection of chronic diseases (Temple, 2000). Consumption of fruits and 
vegetables as well as grains, has been strongly associated with reduced risk of 
cardiovascular disease, cancer, diabetes, Alzheimer disease, cataracts and age 
related functional decline (Temple, 2000; Willett, 1995). Heart diseases, cancer 
and stroke are the top three causes of death in most industrialized countries. It 
is estimated that one third of all cancer deaths can be avoided through 
appropriate dietary modifications (Willett, 1995; Doll & Peto, 1981). This 
convincing evidence suggests that a change in dietary behavior such as 
increasing consumption of fruits, vegetables and grains is a practical strategy 
for significantly reducing the incidence of chronic diseases. 
The biologically active chemicals found in fruits, vegetables and grains 
are termed as phytochemicals and have been linked to the reduction in the risk 
of major chronic disease. It is estimated that more than 5000 phytochemicals 
have been identified but a large percentage still remains unknown (Shahidi et 
al., 1995) and they need to be identified before their health benefits are fully 
understood. However, more and more convincing evidence suggests that the 
benefits of phytochemicals in fruits and vegetables may be even greater than is 
currently understood because oxidative stress induced by free radicals is 
involved in the etiology of a wide range of chronic disease (Ames & Gold, 
1991). Cells in humans and other organisms are constantly exposed to a variety 
of oxidizing agents some of which are necessary for life. These agents may be 
present in air, food or water or they may be produced by metabolic activities 
within the cells. The key factor is to maintain a balance between oxidants and 
Jntrnductinn 
antioxidants to sustain optimal physiological conditions within the body. 
Overproduction of oxidant can cause an imbalance leading to oxidative stress, 
especially in chronic bacterial, viral and parasitic infections (Liu et al., 1995). 
Oxidative stress can cause damage to large biomolecules such as proteins, 
lipids and DNA resulting in an increased risk for cancer and cardiovascular 
disease (Ames & Gold, 1991; Liu et al., 1995; Ames et al., 1993). To prevent or 
slow down the oxidative stress induced by free radicals, sufficient amounts of 
antioxidants need to be consumed. Fruits and vegetables contain a wide variety 
of secondary metabolites that possess antioxidant properties. These include 
polyphenols and carotenoids that may help protect cellular systems from 
oxidative damage and also lower the risk of chronic disease. There has been 
considerable scientific evidence, both epidemiological and experimental 
accumulated in the past three decades indicating that modification in life style 
including diet, can have a major effect on the risks of numerous cancers 
(Martinez & Giavanucci, 1997). Of particular relevance is the consistent cancer 
protective effect reported for individuals consuming increased quantities of 
fruits and vegetables compared to those with low intakes. The cancer inhibitory 
action by a variety of human nutrients derived from plants as well as of non-
nutritive plant derived constituents (phytochemicals) has been confirmed in 
different animal tumor models (Dragsted et al., 1993; Pezzuto, 1996) and has 
led to an increased emphasis on cancer prevention strategies in which these 
dietary factors are utilized. There have been two major diet related prevention 
strategies that have been involved in combating cancer, i.e. cancer 
chemoprevention and dietary prevention with appreciable overlap existing 
between them. Generally, cancer chemoprevention is recognized as the 
pharmacological intervention with synthetic or naturally occurring chemicals to 
prevent, inhibit or reverse carcinogenesis or prevent development of invasive 
cancer (Kelloff & Boone, 1996; Mayne & Lipman, 1997; Sporn, 1991). On the 
other hand dietary prevention is recognized as the changes in food consumption 
pattern necessary to decrease cancer development (Goodman, 1997; Schatzkin 
Tnirndiiction 
& Kelloff, 1995). Plant derived polyphenolic compounds such as flavonoids, 
tannins, curcumin and the stilbene resveratrol possess a wide range of 
pharmacological properties, the mechanisms of which have been the subject of 
considerable interest. They are recognized as naturally occurring antioxidants 
and have been implicated as anticancer compounds (Mukhtar et al., 1988). In 
recent years, several reports have documented that plant polyphenolics, 
including curcumin, resveratrol and gallocatechins such as gallic acid, 
epigallocatechin, epicatechin-3-gallate and epigallocatechin-3-gaIlate (EGCG) 
induce apoptosis in various cancer cell lines (Jaruga et al., 1998; Clement et al., 
1998; Inoue et al., 1994). Gallocatechins are constituents of green tea, the 
consumption of which is considered to reduce the risk of various cancers such 
as those of bladder, prostate, esophagus and stomach (Ahmad et al., 1997). 
Resveratrol is present in human dietary material such as peanuts, grapes, 
mulberries and beverages such as red wine. Of particular interest is the 
observation is that a number of these polyphenols including epigallocatechin-3-
gallate, gallic acid and resveratrol induce apoptotic cell death in various cancer 
cell lines but not in normal cells (Inoue et al., 1994; Ahmad et al., 1997; 
Clement et al., 1998). 
Biosynthesis of plant polyphenols 
Polyphenolic compounds are produced as secondary metabolites in higher 
plants. These compounds fulfill a vast array of important functions in plants, 
being involved in development and interactions with the environment (Croteau 
et al., 2000). For example stilbenes and coumarins serve to defend pathogen 
attacks, flavonoids act as UV irradiation protectents while isoflavone serve as 
flower pigments. 
The majority of polyphenolic compounds produced by plants are 
synthesized by a highly branched phenylpropenoid pathway. The initial 
compound is cinnamic acid, which arises from phenylalanine by the action of 
PAL. Several simple polyphenols with the basic C6-C3 skeleton of 
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phenylalanine are produced from cinnamate via a series of hydroxylation, 
methylation and dehydration reactions; these include />-coumaric acid, caffeic 
acid, ferulic acid, sinapic acids and other simple coumarins (Dixon et al., 
,1995). In addition, compounds such as styrenes, benzoic acid and derivatives, 
acetophenones and gingerols arise from hydroxycinnamic acid by chain 
shortening and lengthening without ring formation. Addition of cyclic esters at 
the side chains produces hydroxy coumarins and chromones and various 
condensation reactions with malonyl residue produce xanthones, stilbenes and 
flavonoids. 
OH PAL 
Phe 
Tyr 
COOH 
C4H 
COOH 
p-Coumaric acid 
Cinnamicacid 
OH 
TAL 
4-CL 
COsCoA 
COOH 
OH 
^Lj p-Coumaryl COA 
OH 
Caffeic acid 
OH 
HO' -OH 
Resveratrol 
/'AL, Phenyl-ammonia lyase; C4H, Cinnamate-4-hydroxylase; TAL, Tyrosine-
ammonia lyase; 4CL, 4-coumaryl lyase. 
Figure 1. Biosynthesis of polyphenols in higher plants. 
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Anticancer properties of plant polyphenols 
Numerous studies have reported flavonoid mediated antiproliferative effects 
against human and rodent ovarian, intestinal, lung, breast and bladder cancer 
cells as well as leukemic cells. For example, quercetin (10 |iM) strongly 
suppresses transformed OVCA 433 human ovarian cancer cell growth. 
Moreover, quercetin inhibits normal proliferation in cultured primary ovarian 
adenocarcinoma tumor cells (Scambia et al., 1994 a, b). At low concentrations, 
quercetin inhibits DNA synthesis (IC50 10 |iM) and growth (IC50 7.7 p,M) in 
HL60 human promyelocytic leukemia cells (Uddin & Chawdhury, 1995; Kang 
& Liang, 1997). The citrus flavonoid tangeretin suppresses HL60 proliferation 
(measured as tritiated thymidine incorporation into DNA) even more strongly, 
with an IC50 of 0.17 f^ M (Hirano et al., 1995) while genistein is inhibitory at 
concentrations similar to conventional anticancer drugs such as deoxorubicin 
and methotrexate (Hirano et al., 1994). Genistein, kaempferol and quercetin 
inhibit the proliferation of human colon cancer cells Caco-2 and HT29 (Agullo 
et al., 1994: Kuo, 1996) while naringenin and catechin do not (Kuo et al., 
1997). Curcumin is cytostatic in several hormone dependent (MCF-7 and T 
47D) and independent (SK-BR3, BT-20 and MDA231) breast tumor cell lines 
(Mehta et al., 1997) while genistein and quercetin, in addition to their 
antiproliferative action, appear to alter the metastatic potential of rat breast 
adenocarcinoma cells, measured as a reduced ability to migrate within collagen 
matrix (Lu et al., 2001). Quercetin inhibits tritiated thymidine uptake and 
proliferation in several non-small-cell lung carcinoma cell lines and reduces 
bromodeoxyuridine incorporation in primary lung tumor slices (Caltagirone et 
al., 1997). Quercetin also inhibits ML-3 murine hepatoma cell growth (Chi et 
al., 1997). 
Very few studies have investigated the cytostatic ability of flavonoids 
both in malignant cells and in their untransformed counterparts although several 
polyphenols, most notably genistein, while showing considerable growth 
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inhibition in HL60 cells had little or no effect on mitogen-induced 
blastogenesis in normal human peripheral blood lymphocytes (Hirano et al., 
1994). Similarly, tritiated thymidine uptake is inhibited in HL60 cells following 
exposure to tangeretin, but is unchanged in normal lymphocytes (Hirano et al., 
1995). The polyhydroxylated flavonoid quercetin and taxifolin and the 
polymethoxylated flavonoids nobiletin and tangeretin inhibit HTB 43 squamous 
cell carcinoma cells and 9L gliosarcoma cell growth, but are less effective in 
transformed human CCl human embryonic fibroblast cells (Kandeswami et al., 
1992). While these studies appear to suggest that the flavonoids display a 
tumor-specific action, it should be noted that comparisons were not made on 
cells derived from the same tissue. In an elegant study by Chen et al. (1998), 
epigallocatechin gallate (EGCG), the major polyphenol present in green tea, 
inhibited colorectal cancer and breast cancer growth more than in their 
respective normal counterparts. Similarly, EGCG reduced W138 human lung 
fibroblast cell growth only weekly compared to their virally transformed (VA) 
counterparts. The IC50 value of EGCG was 120 \iM in W138 cells compared 
with only 10 fiM in W138VA cells. Conversely, the flavonoids quercetin and 
genistein are equally toxic towards colonic cancer cells and non-transformed 
intestinal crypt cells (Kuo, 1996). 
In addition to cell culture studies, the capacity of certain dietary polyphenols to 
protect against both chemically induced and spontaneous formation of tumors in 
animals is well established. For example, quercetin administered to rats in combination 
with dimethyl-benz-(a)-anthracene (DMBA) or N-nitrosomethylurea (MNU) reduces 
the incidence and multiplicity of mammary tumor by 30% and 50% respectively 
(Verma et al., 1988). Quercetin and luteolin (10 g/Kg diet) decreases fibrosarcoma 
incidence (52% and 60% respectively) and tumor size in male Swiss albino mice 
following treatment with the model chemical carcinogen 20-methylcholanthrene 
(Elangovan et al., 1994). Quercetin (20 g/Kg) also increases the survival and reduces 
tumor burden of mice (Balb/c) transplanted intrasplenically with ML-3 hepatoma cells 
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(Chi et al., 1997). The citrus flavonoid naringenin inhibits the in vivo development of 
DMBA induced mammary tumors in Sprague-Dawley rats (So et al., 1996). Several 
studies have described protective effects of tea polyphenols against carcinogenesis. Rats 
fed on a diet containing 10 g green tea catechins/kg have a considerably reduced 
mortality (7% reduced mortality) from mammary tumors following DMBA treatment 
compared with rats given carcinogen alone (66%) (Hirose et al., 1994). Similarly 
hamster fed on green tea polyphenols display fewer hyperplastic pancreatic duct lesions 
after treatment with N-nitroso-bis-(2-oxopropyl)-amine (Majima et al., 1998). In a 
comprehensive study, Yang et al. (1998) described the ability of both green and black 
tea infusions to inhibit N-nitrosodiethyl-amine-induced lung carcinogenesis in A/J mice. 
There are several suggested mechanisms by which polyphenols exert 
anticancer effects: 
Antioxidant effects 
Carcinogenesis is a multi-stage process of genetic changes affecting proto-
oncogenes or tumor suppressor genes in a single cell or a clone of cells. Such 
genetic alterations may be initiated by increased and persistent damage to DNA 
causing permanent alterations in the genetic message when the cell replicates 
its DNA and divides. Reactive 0 and N species are potential carcinogens as 
they can directly and indirectly induce structural alterations in DNA by 
oxidation, methylation, depurination and deamination reactions. The ability of 
certain polyphenols to inhibit oxidative DNA damage is well documented. For 
example, luteolin, kaempferol, quercetin and myricetin at relatively low 
concentrations (50-100 |iM) significantly reduce DNA strand breakage and 
oxidized pyrimidine levels in HaOa-stressed lymphocytes (Duthie et al., 1997, 
b; Noroozi et al., 1998). Similarly, tea polyphenols decrease the incidence of 
hydroxyl radical-generated chromatid breaks in lymphocytes exposed to 
fluorescent light irradiation (Parshad et al., 1998). The number and positioning 
of the hydroxyl groups in the flavonoid structure appear important to the 
antioxidant and cytoprotective potential of the compound. There are also many 
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studies with Caco-2 cells, which are generally accepted as a good model for 
normal human colonocytes, which indicate a cytoprotective ability of 
flavonoids against oxidative DNA damage (Raeissi et al., 1997; Ricchi et al., 
1997; Venturi et al., 1997; Duthie & Dobson, 1999). 
Ex-vivo studies also suggest that the antioxidant potential of polyphenols 
may be anticarcinogenic. For example, the ability of plasma to inhibit oxygen 
free radical induced DNA damage to lymphocytes was increased by 20% 1 hour 
after consumption of 300 ml wine (Fenech et al., 1997). Moreover, indices of 
oxidized DNA in bladder mucosal cells of smokers inversely correlate with the 
level of phenolics measured in their urine (Malaveille et al., 1998). 
Modulation of enzyme activities associated with carcinogen activation and 
detoxification 
One of the mechanisms by which polyphenols may exert their anticarcinogenic 
effect is by modulating the enzyme systems that metabolize carcinogens or pro-
carcinogens to genotoxins. In this way, the activation of the carcinogen may be 
inhibited, or it may be converted to a less reactive compound before it reacts 
with DNA and initiates carcinogenesis. The cytochrome P-450 superfamily of 
enzymes metabolizes a large number of procarcinogens to reactive 
intermediates, which bind covalently to DNA and can induce malignant 
transformation. The activity of some P-450s are either induced or inhibited by 
flavonoids. For example, naringenin and tangeretin are potent inhibitors of 
microsomal 7-ethoxyresorurm-O-deethylase (EROD) activity, which is a 
marker substrate for P-450 lA (Obermeier et al., 1995). Similarly, quercetin 
inhibits EROD activity (IC50 < 1 }J.M) in microsomes from human hepatoma 
HepG2 cells (Musonda et al., 1997). Pentoxyresorufm-0-dealkylase (PROD) 
activity is also decreased, indicating ability of the flavonoids to inhibit P450 2B 
activity. Tangeretin inhibits nifedepine oxidase, (P450 3A) in human liver 
microsomes (Obermeier et al., 1995). Flavone and several hydroxylated 
derivatives (3-0H-, 5-0H-, 7-OH- and 3, 7-dihydroxyflavone) are potent 
_ _ _ _ _ Introduction 
inhibitors of cDNA expressed human P450s lAI and IA2 (IC50 < 1 ^M), while 
galangin is a selective inhibitor of P450 IA2 (Zhai et al., 1998). The ability of 
flavonoids to inhibit P450 lA is directly related to their antimutagenic 
properties. Several flavones, including apigenin and luteolin, and flavonols 
such as kaemferol, quercetin and myricetin, reduce the mutagenicity of the 
food-derived heterocyclic amine 3-amino-l-methyl-5H-pyrido-[4, 3-b]-indole 
(Trp-P-2) in the Ames test {Salmonella typhimurium TA98). Trp-P-2 is 
metabolized by P450 lA to the ultimate mutagen N-hydroxy-Trp-P-2 that binds 
to the DNA molecule and initiates carcinogenesis (Kanagawa et al., 1998). 
Therefore, the effect of flavonoids on xenobiotic metabolizing enzyme is 
complex and highly dependent on a number of factors including the chemical structure 
of the flavonoid, the species under investigation and the model system being employed. 
Despite the considerable experimental evidence that certain polyphenols have potent 
anti-carcinogenic activity, epidemiological support is contradictory. For example, some 
ecological, cohort and case-control studies suggest that tea consumption lowers the risk 
of developing cancer whereas other investigations have failed to find such associations 
or have even indicated procarcinogenic effects (Blot et al, 1996). In addition, no 
correlation was observed between estimated flavonoid intake (determined in 1985) and 
cancer incidence (P = 0.54) and mortality (P = 0.51) at all sites after a 5-year period in 
738 elderly Dutch men (65-84 years; Hertog et al., 1994). The inconclusive nature of 
the epidemiological studies may reflect a lack of information on the duration and 
amount of polyphenol intake, inadequate control of confounding and potential biases in 
recall and reporting of intake patterns. 
Biosynthesis and natural sources of caffeic acid (CA) 
CA (3,4-dihydroxycinnamic acid) is a simple phenolic acid and a catechol. It possesses 
a single propenoic side chain on its aromatic ring that contains a dihydroxy catecholic 
moiety (Figure 2). In higher plants it is synthesized in phenylpropanoid pathway. The 
immediate precursor is p-coumaryl CoA (Figure 1). It is the major representative of 
dietary cinnamates. In foods, CA is esterified/conjugated mainly with quinic acid. 
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which yields chlorogenic acid (5-caffeoylquinic acid). Coffee is the major source of 
chlorogenic acid, i.e., 1 L of coffee provides 500-800 mg of chlorogenic acid, which 
corresponds to 250-400 mg of CA (Clifford, 1999). CA is also found in fruits, grains, 
vegetables and many other plants (Eberhardt et al., 2000). CA, free and esterified, is the 
most abundant phenolic acid and represents between 75 and 100% of the total 
hydroxycinnamic acid content of most fruits (Manach et al., 2004). It is also a 
constituent of wine (Shahidi et al., 1995; Macheix et al., 1990) and is particularly 
abundant in propolis beehives with 20%-25% content (Greenaway et al., 1987). Thus it 
is an important dietary constituent in humans and its intake has been estimated in the 
order of 206 mg/day in subjects drinking coffee (Radtke et al, 1998). Additionally, it 
accounts for up to 90% of total intake of phenolic acids in humans (Radtke et al., 1998). 
COOH /r\ COOH 
HO OH 
(a) Caffeic acid (b)p-Coumaricacid (c) o-Coumaric acid 
Figure 2. 
Absorption of caffeic acid 
There is less data on CA absorption in humans. The major problem in measuring the 
absorption of CA in humans is its bacterial degradation in the colon (Scheline, 1968). 
To overcome this problem Olthof et al. (2001) studied the absorption of CA in healthy 
ileostomy subjects and reported that the maximum of 95%) of the ingested CA was 
absorbed from the small intestine in humans. In rat plasma, CA glucuronides and 
sulfates are the main plasma metabolites reaching their maximum concentrations of 
0.12-0.34 ^M/L within the first 0.5-1 hour after administration of 700 )imol/kg 
chlorogenic acid (Azuma et al., 2000). Using an experimental model Nardini et al. 
(1997) have demonstrated that 0.8% CA in the diet is associated with plasma 
concentrations of up to about 5.52 jiM. Dietary CA is readily absorbed by humans and 
rat where it circulates in plasma at micromolar concentrations (Nardini et al., 1997; 
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Jacobson et al., 1983;. A study by Gumbinger et al. (1993) reports that ferulic and 
isoferulic acids are the tissular metabolites of CA. Within the acidic environ of stomach 
CA is absorbed by passive non-ionic diffusion. This is supported by the fact that CA 
and structurally related compound cinnamic acid were rapidly absorbed in rats 
(Fahelbum et al, 1977). The second mechanism for the absorption of CA might involve 
absorption by an active transport mechanism in the small intestine. Results from in vitro 
studies indicate that in the small intestine, an active Na"^-dependent transport 
mechanism might be involved in the absorption of cinnamic acids such as CA 
(Wolffram et al., 1995; Ader et al., 1996). Mechanisms, passive absorption in the 
stomach as well as active absorption in small intestines might play a role in the 
absorption of CA in humans. 
Caffeic acid as an antioxidant 
CA has been reported to have a wide spectrum of biological effects such as anti-
inflammatory properties (Fernandez et al, 1998), anti-tumor activity (Tanaka et al., 
1993 & Hagiwara et al., 1996), inhibition of HIV replication (Kashiwada, Y. et al, 
1995 & Kries, W. et al., 1990) and apoptosis inducing activity (Satoh & Sakagami, 
1997; Orsolic et al., 2004). Many of the biological properties of CA are attributed to its 
antioxidant potential. Among natural phenolic compounds, the antioxidant activity of 
CA has been described extensively on liver microsomes or homogenates (Cholbi et al, 
1991), erythrocytes and isolated rat hepatocytes (Annon et al, 1992; Liu et al., 1992). 
Its action as an oxygen radical scavenger and chain-breaking antioxidant is well 
documented (Laranjinha et al., 1994; Bors et al, 1984). According to Carton et al 
(2001) CA was a superior antioxidant compared with other phenolic acids such as p-
coumaric and ferulic acids in inhibiting LDL-oxidation and therefore might protect 
against cardiovascular disease (Nardini et al., 1995). CA inhibits the oxidation of 
lipoproteins exposed to ferrylmyoglobin and to recycling alpha-tocopherol from alpha-
tocopheroxyl radical (Laranjinha et al., 1995). An in vivo study has shown that dietary 
supplementation of CA in rats resulted in a statically significant increase of alpha-
tocopherol both in plasma and lipoprotein (Nardini et al., 1995). Moreover, CA was 
found to be present in postprandial plasma in micromolar concentrations, doubling 
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plasma antioxidant capacity. These results demonstrate the physiological relevance of 
CA and its antioxidant action. 
Antitumor, antimutagenic and apoptosis inducing activity of caffeic acid 
Antimutagenic potential of caffeic acid has been described in several studies. In two 
short-term genotoxicity assays (Ames assay and Drosophila wing spot test), mutations 
were induced by aflatoxin Bj; CA was effective in reducing these mutational events 
whereas a-tocopherol did not show any antimutagenic action (Karekar et al., 2000). 
Similarly, the potential of CA to reduce acridine- and ofloxacin-induced genotoxicity 
was also evaluated by the Ames assay (Belicova et al., 2001). Nevertless, both studies 
concluded that the capacity of CA to protect DNA results from the blockage of 
mutagenic action by means of CA interacting with a genotoxic compound (acridine 
orange), from the arrest of metabolic activation of a promutagen (aflatoxin Bi) or from 
scavenging ROS produced by a mutagen (ofloxacin), respectively (karekar et al., 2000; 
Belicova etal., 2001). 
CA may be considered a two faceted molecule (Nardini et al., 2001) as it shows 
proapoptotic effects at high concentrations (> 200 |iM), and antiapoptotic properties at 
lower levels. This behavior may explain the wide spectrum of biological activities, 
sometimes conflicting, ascribed to CA, and is attributable to the ability of CA in 
inhibiting, in a concentration dependent fashion, the activity of different specific 
kinases, such as PKC (Nardini et al., 2000) and PTK, involved in fundamental signal 
transduction pathways. CA has been shown to be the most effective quencher of singlet 
oxygen among several simple phenolic acids tested (Foley et al., 1999). It has been 
reported to present a scavenging activity towards the hydroxyl radical (Chimi et al., 
1991J. It has also been shown to eliminate superoxide anion (Laughton et al., 1989; 
Zhou & Zheng, 1991). All these reactive oxygen species have been positively linked to 
tumor promotion and progression and therefore it may not be surprising to expect CA as 
having anti-tumor properties. Keunzing and co-workers (1984) showed that CA reacted 
rapidly and completely with equimolar quantity of sodium nitrite in simulated gastric 
fluid. In rats receiving aminopyrine and nitrite, but not in rats treated directly with N-
nitrosodimethylamine (NDMA), CA blocked the elevation of serum NDMA levels. The 
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authors suggested that dietary CA might play a role in the body's defence against 
carcinogenesis by inhibiting the formation of N-nitroso compounds. CA has been 
shown to reduce the mutagenicity of terminal carcinogens of polycyclic aromatic 
hydrocarbons (Wood et al., 1982). CA, when concurrently administered with the 
carcinogen, inhibited the formation of tongue neoplasmas (squamaus cell papilloma and 
carcinoma) induced by 4-nitroquinoline-l oxide in male F334 rats (Tanaka et al., 1993). 
The authors suggest possible application of CA for cancer chemoprevention in tongue 
in addition to other tissues (skin, lung, liver and esophagus). It has been shown to have 
an inhibitory effect on development of naturally occurring preneoplastic hepatocytic 
foci in long term feeding studies in male F344 rats (Hagiwara et al, 1996). CA has been 
reported to induce apoptotic cell death in human promyelocytic leukemia HL60 cells 
and that apoptotic effect was enhanced by CuCb or deferoxamine mesylate, an iron 
chelator, but was reduced by FeCls (Satoh et al, 1997). Oral administration of CA has 
also been reported to inhibit subcutaneous tumor growth whether given before tumor 
cell inoculation or after stabilization of tumor growth. The life span of mice treated with 
CA before tumor cell inoculation was significantly prolonged compared with controls 
(Orsolic et al., 2004).The same authors (Orsolic et al., 2005) in a recent study show 
direct anti-tumor activity of CA towards transplantable mammary carcinoma cells in 
mice when the compound is administered locally at the exact site of tumor growth. 
Their results confirmed that CA treatment delays tumor growth and significantly 
increases the survival period without mortality or body weight loss. In a novel study 
Chung et al. (2004) showed that CA inhibited hepatoma growth and metastasis 
achieving complete regression by exerting two novel but different mechanisms. Here 
CA suppressed the growth of HepG2 tumor xenografts in nude mice in vivo. The 
subcutaneous and oral administration of CA significantly reduced liver metastasis. The 
anti-tumor and anti-metastasis effects of CA were mediated through the selective 
suppression of MM-9 enzyme [which plays a major role in promoting angiogenesis and 
metastasis] activity and transcriptional down regulation by the dual inhibition of NF-kB 
as well as MM-9 catalytic activity. Further it has been shown in this study that CA 
suppresses the function of NF-kB by blocking its nuclear translocation which otherwise 
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would bind to the promoter region of MM-9 gene activating its transcription. According 
to these authors these findings have important implications for the therapeutic potential 
of CA, which may reduce the incidence of adverse events such as pain and tenderness in 
the joints and pain affecting shoulders and hands that appear in long term treatment with 
broad-spectrum MMP inhibitors in clinical studies. Xu et al. (2005) recently studied the 
effect of CA on several cell lines. Their results showed that CA inhibits proliferation of 
cancer cells, with IC50 between 100 |ig/ml and 200 |ig/ml. Further CA induced 
apoptotic cell death in human hepatocarcinoma cell line (BEL-7402) and changed cell 
cycle distribution by arresting cells in S phase. The in vivo part of the same study 
showed that CA inhibited the tumor growth of mouse-transplanted hepatocarcinoma 
H22 and colorectal cancer C26 cells with an inhibition rate of 42-43% when the mice 
were treated with 1 g/kg CA for 10 days. Xu et al. (2004) studied inhibition of tumor 
angiogenesis and anti-metastasis effect of CA using various in vivo and in vitro 
metastasis assays. The in vivo inhibitory effect of sodium caffeate on the metastasis and 
angiogenesis was examined in the Lewis lung carcinoma pulmonary metastasis model 
and chicken chorioallontoic membrane (CAM) model, respectively. The in vivo results 
showed that CA (1 gm/kg i.p. for 14 days) inhibited pulmonary metastasis at a rate of 
55%. The angiogenesis of CAM was inhibited by CA (200 l^g/egg) at a rate of 70%.The 
in vitro results showed that CA inhibited the proliferation of transformed human 
umbilical vein endothelial cells by inducing apoptosis. CA also reduced the adhesion 
and invasion ability of human high metastatic giant cell carcinoma of the lung cells and 
inhibited the secretion of MMP-2 and MMP-9 in these cells. Interestingly CA has been 
shown to inhibit apoptosis induced by oxidized low-density lipoproteins in cultured 
human endothelial cells (Viereia et al., 2000). CA in a few studies has been shown to 
have hazardous effects too. Administered at 2% in the diet for two years, CA was 
shown to induce hyperpalasia and tumors in the forestomach and kidney of F344 rats 
and B6C3F1 mice (Hagiwara et al., 1991). On the other hand, CA at 0.05% for 32 
weeks inhibited squamous epithelial carcinoma of the rat tongue induced by 4-
nitroquinoline-1-oxide given for 5 weeks (Tanaka et al., 1993). 
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Caffeic acid influences enzyme activities 
CA has been shown to influence the activity of several key enzymes. The reported 
ability of CA to inhibit several protein kinases such as phosphorylase kinase (PhK), 
protein kinase C (PKC) and protein kinase A (PKA) suggest a more direct and specific 
involvement of this molecule in the modulation of cellular functions not necessarily 
associated with its antioxidant activity. All these kinases are known to trigger the major 
signal transduction systems in the course of a wide spectrum of cell responses. PhK is 
the key regulatory enzyme involved in the metabolism of glycogen, while both PKA 
and PKC are involved in the major signal transduction systems. A non-competitive 
inhibition of PhK by curcumin, a phenolic compound present in turmeric, has already 
been reported (Reddy et al., 1994). CA might interact with beta subunit of PhK or other 
regulatory subunits, possibly inducing a conformational change resulting in the 
inhibition of the activity, as suggested for curcumin (Reddy et al., 1994). The strong 
inhibition of PhK may have important implications for the anti-proliferate activity of 
these polyphenols (Nardini et al., 2000). CA is a strong inhibitor of 5- and 12-
lipooxygenases (Koshihara et al., 1984), glutathione S-transferase (Chan et al., 1995) 
and xanthine oxidase (Schefferlie et al., 1993). 
Biosynthesis and natural sources of/7-coumarie acid 
P-coumaric acid (4-hydroxycinnamic acid) is a simple phenolic acid having a propenoic 
side chain and a single phenolic hydroxyl group on its aromatic ring (Figure 2). It is 
synthesized in higher plants in the phenylpropanoid pathway and arises from tyrosine 
and phenylalanine. The immediate precursor is cinnamic acid which is hydroxylated by 
C4H at the para position to form/?-coumaric acid (Figure 1). /'-coumaric acid is widely 
distributed in many foods. The major sources are tea (1-2 mg/kg), spinach, Brussels 
sprouts and cereal brans (2-60 mg/kg), apples and berries (69-1700 mg/kg) (Clifford, 
1999). Zhou et al. (2004) have studied the phenolic acid composition in rice in three 
cultivars. The phenolic profiles of both brown and milled rice were dominated by 
ferulic acid and /?-coumaric acid. Alcoholic beverages- beer, white and red wines are 
also major sources of j!?-coumaric acid, latter being the richest among the three. The 
mean values ofp-coumaric acid for white wine, red wine and beer are 2.2, 4.1 and 2.1 
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mg/L respectively (Gorinstein et al., 2000). Que et al. (2006) studied the phenolic 
contents of five Chinese rice wines and identified />-coumaric acid as one of the several 
phenolic constituents. Nardini et al. (2004) studied the composition of free as well as 
bound phenolic acids in hydrolysed and non hydrolysed beer samples of three different 
brands- Italian, Austrian and German beers. The content of p-coumaric acid increased 
moderately (the increase was < 50% of the value measured in non-hydrolyzed samples) 
after hydrolysis in all beers except German beer, which showed 469% increase in p-
coumaric acid content after hydrolysis. 
Absorption and metabolism of p-coumaric acid 
Absorption, distribution, metabolism and elimination of p-coumaric acid have not been 
extensively investigated. Since this dietary component is an acid, it is probably 
absorbed mainly in the stomach and in the first part of small intestine, as reported for 
other similar compounds (Fahelbum & James, 1977). It is possible that p-coumaric acid 
as such or as conjugated with glycine or glucuronic acid is excreted through gut, where 
it can be deconjugated and hydroxylated by the gut microflora, as reported for cinnamic 
and benzoic acids (Clifford, 1999). p-coumaric acid as well other hydroxycinnamates 
occur naturally in esterified forms (Macheix et al ., 1990) and are not cleaved in gastric 
lumen (Rechner et al., 2001) nor the small intestine (Plumb et al, 1999), but in the 
colon by esterase activity of the gut microflora (Scheline, 1991). A study by Rechner et 
al. (2002) detected low levels of glucuronide derivatives of/7-coumaric acid in a group 
of healthy volunteers who were put on polyphenol specific meal components. Yeh & 
Yen (2006) administered orally p-coumaric acid in rats (10 mg/kg of body weight), and 
it was found to be absorbed and distributed to the blood in intact form. Comparison of 
the time course of changes in plasma concentrations showed that p-coumaric acid was 
directly absorbed and distributed in the blood, and the plasma concentrations increased 
in the period up to 2 hr postadministration and then gradually decreased. These results 
show a close agreement with prior work, done by Konishi et al. (2003), showing that 
phenolic acids, especially p-coumaric acid, were directly absorbed and distributed to the 
blood. 
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Recently large amount of research has been done about the absorption of 
phenolic compounds. Most of the studies concerning absorption of phenolic compounds 
from diet are carried out on rats, while relatively, few papers deal with the measurement 
of phenolic acids and their metabolites in human urine. The measurements of human 
plasma levels of phenolic acids after phenolics or phenolic-rich food administration are 
reported by a limited number of studies. Nardini et al. (2006) studied the absorption in 
humans of several phenolic acids, with related structures, from beer, focusing on the 
measurement of plasma levels of free and conjugated forms of phenolic acids. Fasting 
subjects received in the morning 500 ml of beer in combination with 27 g of crackers. A 
significant rise in both free and conjugated (glucuronates and sulfates) phenolic acid 
levels in human plasma after beer administration, with maximum absorption peak at 30 
min was observed. A significant increase in nonconjugated and total p-coumaric acid 
was observed 30 min after beer plus cracker administration with respect to time 0, the 
nonconjugated forms amounting to 54.4%, 54.7% and 59.5%) of total at time 0, 30 and 
60 min, respectively. Among conjugated derivatives, a significant increase in 
glucuronate derivatives was observed at 60 min after ingestion with respect to time 0, 
while the increase of sulfate conjugates measured at 30 and 60 min after ingestion did 
not reach statistical significance. 
Antioxidant properties of p-coumaric acid 
Little attention has been focused on the antioxidant potential/activity of simple phenolic 
acids which are at higher concentration in dietary plant materials than the polyphenolic 
flavonoids and anthocyanidins. P-coumaric acid has been shown to act as scavenger of 
thiol free radicals (D'aquino et al, 1994). Lodovicci et al. (2001) have also shown the 
radical scavenging activity of p-coumaric acid. Kumar et al. (2006) undertook an 
investigation on the bound and free phenolics present in turmeric {Curcuma longa). The 
results indicate that p-coumaric acid, besides curcumin, contributes significantly to the 
antioxidant activity of turmeric. These findings were ftirther confirmed by determining 
the free radical scavenging ability of p-coumaric acid where it exhibited an IC50 of 
31.25 |ig/mL. Nardini et al. (1995) analyzed the antioxidant capacity of/?-coumaric acid 
on in vitro oxidative modification of human LDL catalyzed by Cu . The study shows 
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that the presence of second hydroxyl group (CA) enhanced its antioxidant capacity. 
Castelluccio et al. (1995) have reported significant antioxidant activity of p-coumaric 
acid in terms of its abiHty to increase the resistance of LDL to cholesterol oxidation, 
lipid peroxidation and oxidative modification of apoprotein Bioo- Several other studies 
report potent inhibition of LDL oxidation in vitro by /?-coumaric acid (Morton et al., 
2000). Vieira et al. (1998) showed that p-coumaric and caffeic acids synergistically 
interplayed with ascorbate in the protection of LDL from oxidation promoted by 
ferrylmyoglobin, a 2 electron oxidation product that was generated from the reaction of 
methhemoglobin and H2O2. The authors conclude that there is a synergistic antioxidant 
activity of diet-derived p-coumaric and caffeic acids with ascorbate in the protection of 
LDL from oxidation and is of physiological relevance. Owen et al. (2000) also found 
that p-coumaric acid possesses antioxidant activity against ROS produced by 
hypoxanthine and xanthine oxidase. Abdel-wahab et al. (2003) studied the influence of 
/7-coumaric acid on Doxorubicin (DOX)-induced oxidative stress in rat's heart. DOX is 
a quinine-containing anticancer antibiotic that is widely used to treat different types of 
human neoplastic diseases such as hematopoetic, lymphoblastic (Hitchcock-Bryan et 
al., 1986) and solid tumors (Bonadonna et al., 1996).The clinical use of this anticancer 
drug is greatly limited by its dose-dependent cardiotoxicity (Booser et al, 1994). The 
involvements of oxygen free radical, superoxide radical and oxidative stress have been 
strongly accepted as crucial factors in the pathogenesis of DOX-induced cardiac 
damage. The authors have attributed the protecting potential of/7-coumaric acid to its 
free radical scavenging capability and therefore suggested the concomitant 
administration of/7-coumaric acid with DOX cancer therapy. 
Antimutagenic and anticancer properties of/7-coumaric acid 
Guglielmi et al. (2003) have demonstrated that p-coumaric acid at a dose of 50 mg/kg 
decreases effectively (by 50%) basal oxidative DNA damage, measured as 8-OHdG 
levels and by Comet assay, in rat colonic mucosa. The authors showed that the 
protective effect ofp-coumaric acid is related to the increased expression of GST-M2, 
an important isoform of GST, which is highly expressed in many tissues (Eaton & 
Bammler, 1999) and plays a protective role against endogenous oxidative stress in 
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many tissues (Baez et al., 1997). It is interesting to observe in tliis respect that 
epigallocatechin gallate, one of the major constituents of green tea polyphenols with 
interesting chemopreventive properties, specifically induces the GST-M2 isoform 
(Chou et al., 2000). Further Lodovici et al. (2001) have showen that p-coumaric acid 
reduced oxidative DNA damage induced in vitro by Fe and cumene hydroperoxide. 
Virtually all human prostate cancers, regardless of grade and stage, lack 
expression of phase 2 enzyme, GSTP-1 (glutathione S- transferase) (Lin et al., 2001). 
Brooks et al. (2002) screened a diverse set of compounds for their ability to induce 
quinone reductase enzyme activity, a surrogate of phase 2 enzyme response, which 
compensates for the loss of GSTP-1 expression, in human prostate cancer cell line 
LNCaP. The authors have highlighted an intriguing possibility that p-coumaric acid in 
tomatoes may act in concert with lycopene to protect against prostate cancer by 
quenching free radicals and inducing carcinogen defenses in prostate cancer cells. 
Hudson et al. (2000) also have shown that brown rice (a staple diet in Asia) extract, in 
which p-coumaric acid was found to be one of the several phenolic constituents, inhibits 
proliferation and colony forming ability of cancer cells. The group further demonstrated 
that purified j!7-coumaric acid also possessed cytotoxic/cytostatic and anticlonogenic 
properties in human derived immortalized and tumorigenic breast (HBL 100) and colon 
(SW 480) cancer cells. 
Plant cell walls are composed of polysaccharides (Harris & ferguson, 1993). 
However, these also contain other components that may confer on them health 
promoting properties. In particular, unlignified primary cell walls of grasses and cereals 
and of other families of monocotyledons, and of families in the dicotyledon order 
caryophyllales, contain the hydroxycinnamate ferulic acid, together with small amounts 
of/?-coumaric acid ester-linked to the cell wall polysaccharides (Smith & Harris, 2001). 
In this connection it is noteworthy to note that Ferguson et al. (2003) have determined 
the ability of plant cell wall extract (wheat coleoptiles) as well as chemically purified p-
coumaric acid to protect against different types of mutations in Salmonella typhimurium 
strains TA98 and TA102 induced by H2O2 and bleomycin by Ames mutagenicity test. 
The authors point out that the inhibitory effect of/?-coumaric acid on mutagenicity is 
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because that it reduces the concentration of mutagenic oxidation products by free 
radical scavenging. Further these authors have correlated this study to mammalian 
systems and hypothesize that since hydroxycinnamic acids (that includes p-coumaric 
acid) are likely to be released in the human colon, their antimutagenic properties could 
have significance for dietary fibre protection against cancer. The antimutagenic activity 
of p-coumaric acid has also been reported in the salmonella-microsome assay (Eaton & 
Bammer, 1999). 
20 
m M 
Scope of work 
m ffi 
Scope of work 
SCOPE OF THE WORK 
The health benefits of plant-derived polyphenols including caffeic and p-
coumaric acids, resveratrol, curcumin, capsaicins, tannins and flavonoids have 
been attributed to their antioxidant effects. There is evidence in literature 
suggesting that antioxidant activity of such plant derived polyphenols may not 
fully account for their chemopreventive effects. This is because most 
antioxidants of plant origin are redox (reduction-oxidation) agents, protecting 
against ROS generation in some cases and promoting radical generation in 
others (Herbert, 1996). Therefore, it is plausible that other mechanisms may 
also be responsible for such varied pharmacological properties. Studies in this 
laboratory have shown that plant polyphenols behave as prooxidants in the 
presence of copper ions catalyzing DNA breakage through the generation of 
reactive oxygen species (Ahmad et al., 1992; Ahsan & Hadi, 1998; Bhat & 
Hadi, 1994; Ahmad et al., 2000; Azam et al., 2004; Ahmad et al., 2005). 
Oxidative DNA breakage by these compounds correlates with their apoptosis 
inducing capacity. Further, properties of polyphenols, such as binding and 
cleavage of DNA and the generation of ROS in the presence of transition metal 
ions are similar to those of some known anticancer drugs (Ehrenfeld et al., 
1987). Copper is the major metal ion present in the nucleus and it is also 
implicated in tumorigenesis and angiogenesis (Chevion et al., 2000). Also, 
serum, tissue and cellular copper levels are elevated in numerous malignancies 
(Linder, 1991). It is well known that coffee is a good source of caffeic acid and 
it is also a constituent of wine. Caffeic acid has been shown to induce apoptotic 
cell death in human promyelocytic leukemia HL60 cells (Satoh & Sakagami, 
1997) as well as in human hepatocarcinoma BEL-7402 cell line (Xu et al., 
2005). 
There is extensive data in literature that points to prooxidant rather than 
antioxidant property of polyphenols as the mechanism of their anticancer 
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properties. Taking into consideration our own observations and those of otiiers 
we have proposed a hypothesis according to which plant polyphenols mobilize 
endogenous copper in cancer cells leading to cytotoxic action through the 
generation of reactive oxygen species (Hadi et al., 2000). Based on the above 
hypothesis, in the work presented here I have tried to elucidate the mechanism 
of action of plant derived polyphenolic compounds specially the 
hydroxycinnamate caffeic acid. In this thesis using a cellular system of human 
peripheral lymphocytes isolated from human blood and alkaline single cell gel 
electrophoresis (Comet assay), I have confirmed that caffeic acid-Cu(II) system 
is indeed capable of causing DNA degradation in cells such as lymphocytes. 
Further, DNA degradation of lymphocytes is inhibited by scavengers of reactive 
oxygen and neocuproine which is a Cu(I) specific sequestering agent. These 
findings demonstrate that caffeic acid-Cu(II) system for DNA breakage is 
physiologically feasible and could be of biological significance. Experiments 
also show that caffeic acid alone (in the absence of added Cu(II)) is also 
capable of lymphocyte DNA breakage and that such breakage is mediated 
through mobilization of endogenous copper. These results are in further support 
of the hypothesis that anticancer mechanisms of plant polyphenols may involve 
mobilization of endogenous copper, possibly chromatin bound copper and the 
consequent prooxidant action (Azmi et al., 2005 & 2006). 
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Chemicals 
Agarose 
Ammonium persulphate 
Bovine serum albumin 
Catalase 
Deoxyribonucleic acid 
(Calf thymus type I) 
Diphenylamine 
Ethidium bromide (EtBr) 
Ethylenediaminetetraaceticacid (EDTA) 
Low melting point agarose 
Neocuproine 
Nitroblue tetrazolium (NBT) 
Phosphate buffered saline Ca^ "^  and Mg^ "^  
free 
RPMI 1640 media 
Caffeic acid 
P-coumaric acid 
(9-coumaric acid 
Single strand specific nuclease 
Sodium azide 
Sodium benzoate 
Supercoiled plasmid pBR322 DNA 
Source 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
BDH, India 
Sigma Chemical Co., USA 
Qualigens, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sisco Research Lab, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Isolated and purified from 
germinating pea seed, in the lab 
according to the procedure of Wani 
&Hadi, 1979 
E. Merck, Germany 
E. Merck, Germany 
Isolated and purified in the lab 
according to the procedure of 
Sambrook et al., 1989 
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Superoxide dismutase 
Thiourea 
Tris(hydroxy methyl)aminomethane 
Triton X-100 
Sigma Chemical Co, USA 
E. Merck, Germany 
Fluka AG, (Switzerland) 
BDH, India 
All other chemicals were commercial products of analytical grade. 
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METHODS 
Reaction of caffeic acid, p-coumaric acid and o-coumaric acid with calf 
thymus DNA and digestion with single strand specific nuclease 
Caffeic acid, jp-coumaric acid and o-coumaric acid were dissolved in 3mM 
NaOH before use as stock of ImM. All other polyphenols were dissolved in 
water. Upon addition to reaction mixtures, in the presence of buffers and at the 
concentrations used, all the polyphenols remained in solution. The volumes of 
the stock solution added did not lead to any appreciable change in the pH of the 
reaction mixtures. Reaction mixtures (0.5 ml) contained 10 mM Tris-HCl (pH 
7.5), 500 jig of calf thymus DNA and varying amounts of hydroxycinnamates 
and cupric chloride. All solutions were sterilized before use. Incubation was 
performed at 37 °C for specified time periods. Single strand specific digestion 
was performed as described by Wani & Hadi (1979). The assay determines the 
acid soluble nucleotides released from DNA as a result of enzyme digestion. 
Reaction mixture in a total volume of 1.0 ml contained 40 mM Tris-HCl (pH 
7.5), ImM Magnesium Chloride, water and enzyme. The reaction mixture was 
incubated at 37 °C for 2 hrs. The reaction was stopped by adding 0.2 ml bovine 
serum albumin (10 mg/ml) and 1.0 ml of 14% perchloric acid (chilled). The 
tubes were immediately transferred to 0 ''C for 45 minutes before centrifugation 
at 2500 rpm for 10 min at room temperature to remove undigested DNA and 
precipitated protein. Acid soluble deoxyribonucleotides were determined in the 
supernatant, calorimetrically, using the diphenylamine method (Schneider, 
1957). To a 1.0 ml aliquot, 2.0 ml diphenyl reagent (freshly prepared by 
dissolving 1 gram of recrystallized diphenylamine in 100 ml glacial acetic acid 
and 2.75 ml of concentrated H2SO4) was added. The tubes were heated in a 
boiling water bath for 30 minutes, the intensity of blue colour was read at 600 
nm. The melting profile of DNA using Si nuclease was determined essentially 
as described by Case & Baker (1975). DNA solution was prepared in TNE (0.01 
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M Tris-HCl pH 7.4, 0.01 M NaCl and 20 x lO^^  mM EDTA) and incubations 
with caffeic acid were carried out in sterile tubes and sterile conditions and 
details of the treatment are given in legend to figures. 
Treatment of pBR322 DNA with different hydroxycinnamates phenols in 
the presence of Cu(II) 
Reaction mixture (30 \\.\) contained 10 mM Tris-HCI (pH 7.5), 0.5 |j.g of 
plasmid DNA and other components as indicated in legends. Incubation was 
performed at 37 °C for time periods specified in legends. After incubation, 10 
\x.\ of solution containing 40 mM EDTA, 0.05% bromophenol blue tracking dye 
and 50% (v/v) glycerol was added and the solution was subjected to 
electrophoresis in submarine 1% agarose gels. The gels were stained with 
ethidium bromide (0.5 \x,glm\), viewed and photographed on a transilluminator. 
Absorption studies 
The absorption spectra were obtained by using Beckman DU-40 
spectrophotometer (USA) equipped with a plotter. 
Spectrophotometric study for hydroxycinnaniate-Cu(II) interaction 
The effect of increasing concentrations of Cu(II) on absorption spectra of 
caffeic acid and p-coumaric acid was observed. The reaction mixture (3.0 ml) 
contained 10 mM Tris-HCl (pH 7.5), 50 )aM hydroxycinnamate (caffeic acid 
andjc-coumaric acid), and increasing concentrations of Cu(II). The spectra were 
recorded immediately after addition of all the components. 
Detection of superoxide anion (O2") 
Superoxide was detected by the reduction of nitroblue tetrazolium (NET) 
essentially as described by Nakayama et al. (1983). A typical assay mixture 
contained 50 mM sodium phosphate buffer (pH 8.0), 33 )iM NET, 100 |j.M 
EDTA and 0.06% Triton X-100 in a total volume of 3.0 ml. The reaction was 
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started by the addition of plant phenols. After mixing, absorbance was recorded 
at 560 nm at different time intervals, against a blank, which did not contain the 
compound. 
Detection of hydroxyl radical generation by hydroxycinnamates 
In order to compare the rate of hydroxyl radical production by increasing 
concentrations of caffeic acid, p-coumaric acid and o-coumaric in the presence 
of 50 ^M Cu(II), the method of Quinlan & Gutterige (1987) was followed. Calf 
thymus DNA (200 |.iM) was used as a substrate and the malondialdehyde 
generated from deoxyribose radicals was assayed by recording the absorbance 
at 532 nm. 
Fluorescence studies 
The fluorescence studies were performed on a Shimadzu 
spectrofluorophotometer RF-5000 (Japan) equipped with a plotter and a 
calculator. Caffeic acid was excited at its absorption maxima (?^ max) of 324 nm 
while o-coumaric acid was excited at 310 nm. Emission spectra were recorded 
in the range shown in figures. 
Determination of reducing power of hydroxycinnamates 
The reducing power of the three hydroxycinnamates was determined according to the 
method of Oyaizu (1986). Caffeic acid, p-coumaric acid and o-coumaric acid were 
mixed with an equal volume of 0.2 M phosphate buffer (pH 6.6) and 1% potassium 
ferricyanide. The mixture was incubated at 50 °C for 20 minutes. Then an equal volume 
of 1% trichloroacetic acid was added to the mixture, which was then centrifuged at 
6,000 rpm for 10 minutes. The upper layer of the solution was mixed with distilled 
water and 0.1 % FeCb with a ratio of 1: 1: 2 and the absorbance at 700 nm was 
measured. Increased absorbance of the reaction mixture indicated increased reducing 
power. 
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Isolation of lymphocytes 
Heparinized blood samples (2ml) from healthy donors were obtained by 
venepuncture and diluted suitably in Ca^ "^  and Mg^ "^  free PBS. Lymphocytes 
were isolated from blood using Histopaque 1077 (Sigma Diagnostics, St Louis, 
USA), and the cells were finally suspended in RPMI 1640. 
Treatment of lymphocyte with hydroxycinnamates and other polyphenols 
Lymphocytes (1 x 10^ cells) were exposed to different concentrations of plant 
phenols in the absence and presence of indicated concentrations of Cu(II) in a 
total reaction volume of 1 ml (400 i^l RPMI, PBS Ca^^ and Mg^^ free and 
indicated concentrations of the phenols). In some experiments lymphocytes 
were preincubated with 50 i^ M caffeic acid or 20 |j.M Cu(II). In another set of 
experiments, scavengers of reactive oxygen were added at the fmal 
concentrations indicated. Incubation was performed at 37 °C for indicated time 
periods. After the incubation, the reaction mixture was centrifuged at 4000 rpm, 
the supernatant was discarded and pelleted lymphocytes were resuspended in 
100 jil PBS and processed further for Comet assay. 
Viability assessment of lymphocytes 
The lymphocytes were checked for their viability before the start and after the end 
of the reaction using Trypan Blue Exclusion test (Pool-Zobel et al., 1993). The 
viability of the cells was found to be greater than 93%. 
Alkaline single cell gel electrophoresis/Comet assay 
Comet assay was performed under alkaline conditions essentially according to 
the procedure of Singh (1989) with slight modifications. Fully frosted 
microscopic slides precoated with 1.0% normal melting agarose at about 50 °C 
(dissolved in Ca^ "*" and Mg^ "*" free PBS) were used. Around 10,000 cells were 
mixed with 75 \i\ of 1.0%) LMPA to form a cell suspension and pipetted over 
the first layer and covered immediately by a coverslip. The slides were placed 
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on a flat tray and kept on ice for 10 minutes to solidify the agarose. The 
coverslips were removed and a third layer of 0.5% LMPA (75|xl) was pipetted 
and coverslips placed over it and allowed to solidify on ice for 5 minutes. The 
coverslips were removed and the slides were immersed in cold lysing solution 
containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10 and 1% Triton X-
100 that was added just prior to use for a minimum of 1 hour at 4 °C. After lysis 
DNA was allowed to unwind for 30 minutes in alkaline electrophoretic solution 
consisting of 300 mM NaOH, 1 mM EDTA, pH >13. Electrophoresis was 
performed at 4 "^C in a field strength of 0.7 volts/cm and 300 mA current. The 
slides were then neutralized with cold 0.4 M Tris, pH 7.5, stained with 75 \i\ 
EtBr (20 [ig/ml) and covered with a coverslip. The slides were placed in a 
humidified chamber to prevent drying of the gel and analyzed the same day. 
Slides were scored using an image analysis system (Komet 5.5, Kinetic 
Imaging, Liverpool, U.K) attached to a Olympus (CX41) fluorescent 
microscope and a COHU 4910 (equipped with a 510-560 nm excitation and 590 
nm barrier filters) integrated CC camera. Comets were scored at lOOX 
magnification. Images from 50 cells (25 from each replicate slide) were 
analyzed. The parameter taken to assess lymphocytes DNA damage was tail 
length (migration of DNA from the nucleus, ^meters) and was automatically 
generated by Komet 5.5 image analysis system. 
Determination of TEARS and H2O2 
Thiobarbituric acid reactive substance (TEARS) was determined according to 
the method of Ramanathan (1994). A cell suspension (IxlO^/ml) was incubated 
with different polyphenols (0-400 |iM) at 37 °C for 1 hour and then centrifuged 
at 1000 rpm. In some experiments the cells were preincubated with fixed 
concentrations of neocuproine and thiourea. The cell pellet was washed twice 
with phosphate buffered saline (Ca and Mg free) and suspended in 0.1 N 
NaOH. This cell suspension (1.4 ml) was further treated with 10% TCA and 0.6 
M TEA (thiobarbituric acid) in boiling water bath for 10 min. The absorbance 
29 
Materials & Methods 
was read at 532 nm. The ferrous ion oxidation-xylenol orange (FOX) assay 
(long et al., 2000) was adapted to detect and quantify the generation of H2O2 in 
the incubation medium RPMI 1640 by plant polyphenols. The simplified 
reaction sequence involves the oxidation of ferrous (Fe^^) to ferric (Fe"'"^ ) ions 
by H2O2 with the subsequent binding of Fe^^ ion to the ferric sensitive dye 
xylenol orange, yielding an orange to purple complex, which is measured at 560 
nm. The initial reaction mixture contained 400 |il of RPMI 1640 and increasing 
concentrations of the plant polyphenols. These were incubated for 1 hour at 
room temperature and only 100 fil from each were analyzed for H2O2 formation. 
Statistical Analysis 
The statistical analysis was performed as described by Tice et al. (2000) and is 
expressed as ±SEM of three independent experiments. A student's t-test was used to 
examine statistically significant differences. Analysis of variance was performed using 
ANOVA. P values < 0.05 were considered statistically significant. 
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RESULTS 
Formation of hydroxycinnamate phenoI-Cu(II) complex 
As Cu(II) is reduced by polyphenols, the possibility for the formation of a 
hydroxycinnamate phenolic-Cu(II) complex was examined. This was carried out by 
recording the absorption spectra of caffeic acid and p- and o-coumaric acids with 
increasing concentrations of Cu(II). The results of figures 3 and 4 shows that the 
addition of 50 }iM Cu(II) to caffeic acid/p-coumaric acid results in an enhancement of 
the absorption band at 220 nm indicative of the binding of the phenols to copper ions, o-
coumaric acid (Figure 5) on the other hand does not show any enhancement at 50 )iM 
concentration of copper suggesting the absence of binding to the phenol. At the higher 
ratio of Cu(II) (500 \iM) an enhancement in the absorption of o-coumaric acid is seen 
with the emergence of a broad absorption band. The results of figures 3, 4 and 5 taken 
together suggest that the binding of o-coumaric acid to Cu(II) is qualitatively different 
from that observed in the case of caffeic acid and/?-coumaric acid. 
Formation of complexes involving calf thymus DNA and hydroxycinnamate 
phenols 
Figures 6 and 7 shows the effect of addition of increasing base pair molar ratios 
of calf thymus DNA on the fluorescence emission of caffeic acid and p-
coumaric acid. Such an addition resulted in a dose-dependant quenching of the 
fluorescence. There was however, no shift in the A-max emission suggesting a 
simple mode of binding of DNA and the phenols. The control native DNA alone 
when excited at the same wavelength (324/310 nm) did not interfere with the 
emission spectrum of phenol alone/phenol + DNA. 
Binding of copper ions to hydroxycinnamate phenols 
Binding of copper ions to caffeic acid and p-coumaric acid was studied by the 
effect of increasing Cu(II) molar ratios on the fluorescence emission spectra of 
the two compounds. The results shown in figures 8 and 9 clearly indicate the 
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binding action as addition of Cu(II) causes quenching of the fluorescence of the 
phenols. These results support the results of absorption studies shown in figures 
3 and 4 where formation of phenol-copper complex was demonstrated. 
Reduction of Cu(II) by hydroxycinnamate phenols 
The production of Cu(I), formed as a result of reduction of Cu(II) by the three 
hydroxycinnamates, was analyzed using neocuproine which is a selective Cu(I) 
sequestering agent that binds specifically to the reduced form of copper (Cu(I)) 
but not to the oxidized form (Cu(II)) (Simpson et al., 1992). The Cu(I)-
neocuproine complex formed exhibits an absorption maximum at 453 nm. 
Under the experimental conditions employed, neither Cu(II) nor any of the 
three hydroxycinnamates interfere with this maximum, whereas all the three 
hydroxycinnamates and Cu(II) react to generate Cu(I). As can be inferred from 
figure 10 caffeic acid reduces Cu(II) most efficiently followed by p-coumaric 
acid whereas o-coumaric acid is least efficient in reducing Cu(II). The 
implication of this finding is that Cu(II) is reduced by hydroxycinnamates in 
the complex to generate Cu(I). 
Reducing power of hydroxycinnamate phenols 
In a Fenton type reaction, Fe(II) or Cu(I) reacts with H2O2 resulting in the 
production of hydroxyl radicals, which is considered to be the most reactive 
radical towards biological macromolecules in cells. Fe(II) is oxidized to Fe(III) 
in the Fenton reaction. The resultant oxidized form of iron can be reduced to 
form Fe(II) by phenols, which can enhance the generation of hydroxyl radicals. 
To elucidate the role of reducing power in prooxidant effects, activities of 
caffeic acid, p-coumaric acid and o-coumaric acid towards the reduction of 
Fe(III) to Fe(II) was studied. As shown in figure 11 caffeic acid exhibited a 
greater reducing power than p-coumaric acid and o-coumaric acid at all the 
concentrations tested. 
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Figure 3. Detection of caffeic acid-Cu(II) complex: 
The 3 ml reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 
)j,M caffeic acid and increasing amounts of Cu(II). The spectra 
were recorded after addition of the components indicated. 
[—] caffeic acid alone 
[ ] caffeic acid + 50 i^ M Cu(II) 
[- -] caffeic acid + 500 [iM Cu(II) 
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Figure 4. Detection of p-coumaric acid-Cu(II) complex: 
The 3 ml reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 
)j.M p-coumaric acid and increasing amounts of Cu(II). The 
spectra were recorded after addition of the components indicated. 
[—] p-coumaric acid alone 
[ ] p-coumaric acid + 50 ^M Cu(II) 
[- -] p-coumaric acid + 500 i^ M Cu(II) 
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Figure 5. Detection of <?-coumaric acid-Cu(II) complex: 
The 3 ml reaction mixture contained 10 mM Trls-HCl (pH 7.5), 50 
|iM o-coumarlc acid and Increasing amounts of Cu(II). The 
spectra were recorded after addition of the components Indicated. 
[—] o-coumarlc acid alone 
[ ] o-coumarlc acid + 50 |j,M Cu(II) 
[- -] o-coumaric acid + 500 \xM Cu(II) 
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Figure 6. Effect of increasing native DNA base pair molar ratios on the 
fluorescence emission spectrum of caffeic acid: 
Caffeic acid (in Tris-HCI, pH 7.5) was excited at its X^ax 
(absorption) of 324 nm and the emission spectra were recorded 
between 425-455 nm. 
- ] 
•] 
caffeic acid alone (25 \xM) 
] caffeic acid: DNA base pair molar ratio (1:1) 
caffeic acid: DNA base pair molar ratio (1:2) 
caffeic acid: DNA base pair molar ratio (1:4) 
- • • - ] caffeic acid: DNA base pair molar ratio (1:6) 
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Figure 7. Effect of increasing native DNA base pair molar ratios on the 
fluorescence emission spectrum of/7-coumaric acid: 
P-coumaric acid (in Tris-HCl, pH 7.5) was excited at its A-max 
(absorption) of 310 nm and the emission spectra were recorded 
between 415-465 nm. 
- ] p-coumaric acid alone (25 |iM) 
] p-coumaric acid: DNA base pair molar ratio (1:1) 
- -] /?-coumaric acid: DNA base pair molar ratio (1:2) 
-] /7-coumaric acid: DNA base pair molar ratio (1:4) 
•-] p-coumaric acid: DNA base pair molar ratio (1:6) 
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Figure 8. Effect of increasing concentration of Cu(n) on the 
fluorescence emission spectrum of caffeic acid: 
Caffeic acid (in Tris-HCl, pH 7.5). was excited at its ^^max 
(absorption) of 324 nm and the emission spectra were recorded 
between 420-460 nm. 
- ] caffeic acid alone (25 i^M) 
] caffeic acid: Cu(II) molar ratio (1:1) 
- -] caffeic acid: Cu(II) molar ratio (1:2) 
-.-] caffeic acid: Cu(II) molar ratio (1:4) 
- • • - ] caffeic acid: Cu(II) molar ratio (1:6) 
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Figure 9. Effect of increasing concentration of Cu(II) on the 
fluorescence emission spectrum of p-coumaric acid: 
P-coumaric acid (in Tris-HCl, pH 7.5) was excited at its X,max 
(absorption) of 310 nm and the emission spectra were recorded 
between 400-490 nm. 
-] /7-coumaric acid alone (25 i^M) 
] p-coumaric acid: Cu(II) molar ratio (1:1) 
- -] p-coumaric acid: Cu(II) molar ratio (1:2) 
-.-] p-coumaric acid: Cu(II) molar ratio (1:4) 
-..-] p-coumaric acid: Cu(II) molar ratio (1:6) 
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Figure 10. Reduction of Cu(II) by caffeic acid, p-coumaric acid and o-coumaric 
acid: 
The 3 ml reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 ^M 
caffeic acid or p-coumaric acid or o-coumaric acid, 200 |iM neocuproine 
andlOO^MCu(II). 
[—] neocuproine alone 
[ ] neocuproine + caffeic acid + Cu(II) 
[- -] neocuproine +p-coumaric acid + Cu(II) 
[-.-] neocuproine + o-coumaric acid + Cu(II) 
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Figure 11. Detection and comparison of reducing power of caffeic acid, p-
coumaric acid and o-coumaric acid: 
Reaction mixture (5 ml) contained 0.2 M potassium phosphate 
buffer (pH 6.6), increasing concentrations of caffeic acid, p-
coumaric acid and o-coumaric acid (0-300 \xM), 1% potassium 
ferricyanide and distilled water. The reaction mixture was incubated 
at 37 °C for 30 minutes and processed further as described in 
"Methods". (•) caffeic acid; (o) p-coumaric acid and (D) O-
coumaric acid. 
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Breakage of calf thymus DNA by hyroxycinnamate phenols in the presence of 
Cu(II) 
Caffeic acid, p-coumaric acid and o-coumaric acid in the presence of Cu(II) were found 
to generate single strand nuclease sensitive sites in calf thymus DNA indicating the 
formation of single strand breaks. The reaction was assessed by recording the 
proportion of DNA converted to acid soluble-nucleotides by the nuclease. Figure 12 
gives the dose response curve of such a reaction. Control experiments (data not shown) 
established that heat denatured DNA underwent 100% hydrolysis following the 
treatment with nuclease. In the presence of Cu(II) (50 |aM), increasing concentrations of 
all the three plant phenols resulted in progressive increase in nuclease sensitive sites in 
DNA. 
Thermal Melting profile of DNA in the presence of caffeic acid 
When SI nuclease was used to determine the thermal melting profile of DNA in 
the presence of caffeic acid (Figure 13), a slight increase in melting 
temperature (80 °C versus 78 °C) was seen. The experiment suggests the 
possibility of caffeic acid binding to DNA through non-covalent interactions. 
Generation of oxygen radicals by hydroxycinnamate phenols 
Superoxide production: The production of superoxide anion was determined by the 
method of Nakayama et al. (1983), which involves reduction of NBT by 
hydroxycinnamate phenols to a formazan. The time dependant generation of superoxide 
anion by 100 |iM caffeic acid,/?-coumaric acid and o-coumaric acid, as evidenced by 
the increase in absorbance at 560 nm is shown in figure 14. The fact that NBT was 
genuinely assaying superoxide was confirmed by SOD (100 |J.g/ml) inhibiting the 
reaction (results not shown). 
Hydroxy I radical generation: It has been previously shown that during the 
reduction of Cu(II) to Cu(I) by plant polyphenols, reactive oxygen species such 
as hydroxyl radicals are formed which serve as the proximal cleaving agent 
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(Rahman et al., 1989). Therefore, the capacity of caffeic acid,/7-coumaric acid 
and o-coumaric acid to generate hydroxy! radicals in the presence of Cu(II) was 
compared. The assay is based on the principle that degradation of DNA by 
hydroxyl radicals results in the release of TBA (thiobarbituric acid) reactive 
material which forms a colored adduct with TBA absorbing at 532 nm (Quinlan 
& Gutterige, 1987). Results of figure 15 clearly show that increasing 
concentrations of phenols leads to a progressive increase in the formation of 
hydroxyl radicals. As can be seen at all the concentrations tested the formation 
of TBA reactive material was greater in the case of caffeic acid followed by p-
and o-coumaric acids. 
Cleavage of plasmid pBR322 DNA by caffeic acid, /7-coumaric acid and o-
coumaric acid 
In order to understand the chemical basis of DNA breakage by caffeic acid-Cu (II) 
system, I have compared the relative DNA cleavage efficacy of caffeic acid, p-coumaric 
acid and o-coumaric acid in plasmid pBR322 supercoiled DNA. In the results given in 
figure 16 only caffeic acid causes conversion of supercoiled plasmid molecules into 
linear molecules. This is in conformity with the observation that the relative efficiency 
of Cu(II) reduction is highest in the case of caffeic acid (Figure 10). It is also shown 
subsequently that the rate of generation of superoxide anion (Figure 14) and hydroxyl 
radical (Figure 15) is also highest in the case of caffeic acid as compared with o- andp-
coumaric acids. Presumably the presence of two catecholic hydroxyls in caffeic acid 
accounts for these observations as this leads to a ready and efficient binding of Cu(II) 
and its reduction to Cu(I). 
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Figure 12. Degradation of calf thymus DNA by caffeic acid, p-coumaric 
acid and o-coumaric acid in the presence of Cu(II) as 
measured by the degree of single strand specific nuclease 
digestion: 
500 fj,g calf thymus DNA was incubated at 37 '^ C with indicated 
concentrations of caffeic acid, p-coumaric acid and o-coumaric 
acid and Cu(II) (50 |J.M) in a total reaction volume of 0.5 ml 
containing 10 mM Tris-HCl (pH 7.5). (•) caffeic acid; (o) p-
coumaric acid and (D) <?-coumaric acid. Single strand specific 
digestion was performed as described in "Methods". All points 
represent triplicates and mean values have been plotted. Error bars 
denote ±SEM of three independent experiments. 
44 
'""^"^-CUM, '" 
300 
Figure 13. Thermal melting profile of caffeic acid treated calf thymus 
DNA: 
Calf thymus DNA in TNE (0.01 M Tris-HCl pH 7.4, 0.01 M NaCl and 
20 X 10"* mM EDTA) was treated with indicated concentrations of 
caffeic acid. The treated solution was dialyzed against 0.01 M TNE to 
remove unbound caffeic acid. 500 jag aliquots of native as well as treated 
DNA were incubated for 8 minutes at the desired temperature and 
immediately quenched in ice for 2 minutes. Si nuclease digestion was 
performed as described in "Methods". 
[•] untreated calf thymus DNA 
[o] DNA + 250 i^M caffeic acid 
[X] DNA + 500 laM caffeic acid 
[D] DNA + ImM caffeic acid 
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Figure 14. Photogeneration of superoxide anion by caffeic acid, p-
coumaric acid and c^-coumaric acid on illumination under 
fluorescent light as a function of time: 
The concentration of phenolic acids were 100 fiM. Details of the reaction 
are given in "Methods". The samples were placed 10 cm from the light 
source. (•) caffeic acid; (o) p-coumaric acid and (a) o-coumaric acid. 
Error bars represent ±SEM of three independent experiments. 
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Figure 15. Hydroxyl radical generation by caffeic acid, /j-coumaric acid 
and o-coumaric acid: 
Reaction mixture (0.5 ml) contained 100 fj.g calf thymus DNA as 
substrate, 50 |iM Cu(II) and indicated concentrations of the three 
hydroxycinnamate phenols. The reaction mixture was incubated at 
37 °C for 30 minutes. (•) caffeic acid; (o) /7-coumaric acid and 
(D) o-coumaric acid. Hydroxyl radical formation was measured by 
determining the TBA reactive material as described in "Methods". 
Error bars represent ±SEM of three independent experiments. 
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Figure 16. Agarose gel electrophoretic pattern of ethidium bromide 
stained pBR322 DNA after treatment with caffeic acid, p-
coumaric acid and o-coumaric acid in the absence and 
presence of Cu(II): 
The reaction mixtures (30 \i\) contained 0.50 |j,g pBR322 DNA, 10 
mM Tris-HCl (pH 7.5), indicated concentrations of the three 
hydroxycinnamate phenols and Cu(II). Incubation was carried out 
at 37 °C for 1 hour. 
Lane 1, DNA alone; lanes 2-4, DNA + caffeic acid, p-coumaric 
acid and o-coumaric acid (50 ^iM); lanes 5-7, DNA + caffeic acid, 
p-coumaric acid and o-coumaric acid (50 \xM) + Cu(II) (20 \xM.); 
SC, supercoiled DNA; OC, open circular; LIN, linear molecules. 
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DISCUSSION 
The major conclusions of the experiments described in this chapter are: (i) 
caffeic acid as well as p- and (9-coumaric acids are able to induce strand 
scission in calf thymus DNA. However only caffeic acid could cleave pBR322 
supercoiled DNA at the concentrations tested, (ii) they form a complex with 
both DNA as well as Cu(II) and possibly in the presence of all three a ternary 
complex of hydroxycinnamate-Cu(II)-DNA is formed, (iii) redox cycling of 
copper leads to the generation of various reactive oxygen species, particularly 
the hydroxyl radical, which serve as the proximal DNA cleaving agents, and 
(iv) the position and number of hydroxyl groups play an important role in the 
DNA cleavage efficacy of hydroxycinnamates. 
These results place hydroxycinnamates in a class of plant derived 
polyphenolic antioxidants such as flavonoids (Ahmad et al., 1992), tannins 
(Bhat & Hadi, 1994) and catechins (Azam et al., 2004), which also exhibit 
prooxidant DNA damaging properties. The generation of oxygen radicals in the 
proximity of DNA is well established as a cause of strand scission (Ahmad et 
al., 1992; Bhat & Hadi, 1994; Rahman et al., 1989). It is generally recognized 
that such reactions with DNA are preceded by association of ligand with DNA, 
followed by the production of oxygen radicals at that site (Pryor, 1988). Metal-
ion dependant degradation of DNA by 4-(9-acridinylamino) methanesulphone-
m-anisidine (Wong et al., 1984), 1,10-phenanthroline (Gutterige & Halliwell, 
1982), beleomycin (Ehrenfeld et al., 1987), adriamycin (Eliot et al., 1984; 
Haidle & McKinney, 1985) as well as flavonoids (Ahmad et al., 1992; Rahman 
et al., 1989) are based on mechanisms involving oxygen-derived radicals. In 
these studies it was shown that a ternary complex of the drug, DNA and Cu(II) 
is formed which generates oxygen radical in situ via Cu(I). The results 
presented here show that the catechol caffeic acid as well as p- and o-coumaric 
acids are capable of binding to DNA as well as copper and thus it would be 
reasonable to assume that a similar mechanism operates in the case of 
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hydroxycinnamate-Cu(II) mediated DNA cleavage. Further, the results with 
caffeic acid and p- and o-coumaric acids (Figures 12 and 16) indicate that the 
DNA cleavage property of the hydroxycinnamates is dependent on the number 
of hydroxyl groups and their respective position on the aromatic ring. Caffeic 
acid, which has two catecholic hydroxyl groups, is efficient and most effective 
in the DNA cleavage reaction. This presumably is because the catecholic 
hydroxyls are able to reduce Cu more readily which in turn leads to a higher 
rate of production of ROS. The DNA cleavage efficacy decreases with the 
decrease in the number of hydroxyl groups on the single aromatic ring of 
hydroxycinnamates with o-coumaric acid being least efficient among the three. 
The reason why coumaric acids are also able to bind Cu(II) and cleave DNA 
could be that these phenols are further hydroxylated in the reaction mixture 
leading to the formation of di-hydroxy moieties capable of binding Cu(II).The 
generation of superoxide by these phenols would lead to the formation of H2O2 
which may generate hydroxyl radicals either with the superoxide anion (Haber-
Wiess reaction) or in the presence of reduced copper (Fenton reaction). 
In addition to chemoprevention of cancer, caffeic acid has also been shown to 
possess apoptotic activity in human tumor cells (Satoh et al., 1997; Xu et al., 
2005). Caffeic acid and p-coumaric acid can be absorbed from dietary material 
as shown by its presence in plasma (Nardini et al., 1997). Also, it is known that 
red wines are a good source of copper (Carno, 1988; Darret el al.. 1986). 
Copper is an essential constituent of many enzymes such as tyrosinases, 
superoxide dismutase and topoisomerase II. Normal serum contains upto 8 |.iM 
loosely bound copper and other biological fluids may also contain comparable 
amounts (Gutterige, 1984). Loosely bound copper has been defined by 
Gutterige (1984) as that copper which is available for binding to the chelating 
agent 1,10-phenanthroline. It is possible that such loosely bound copper can 
also be mobilized by hydroxycinnamates. Copper has also been reported to be a 
normal component of chromatin and such endogenous copper can be mobilized 
by chelating agents such as 1,10-phenanthroline to cause internucleosomal 
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DNA fragmentation (Burkitt et al., 1996). Since caffeic acid and p-coumaric 
acid have been detected in iiuman plasma, it is reasonable to assume that these 
hydroxycinnamates are transported across cell membranes because of their 
lipophilic nature. The polyphenolic antioxidant curcumin has also been shown 
to induce apoptosis in human leukemic cells and such apoptosis is prevented by 
superoxide dismutase and catalase (Kuo et al., 1996). It would thus appear that 
prooxidant action of polyphenolics rather than the antioxidant activity is 
responsible for the induction of apoptosis in these studies. One of the 
mechanisms could be that in tumor cells endogenous copper in serum or 
chromatin is relatively easily mobilized by phenolic compounds and similar 
apoptosis inducing agents. This further appears possible, as it has been shown 
that serum, tissue and cellular copper levels are significantly elevated in a 
number of malignancies (Yoshida et al., 1993; Nazulewis et al., 2004; Ebadi & 
Swanson, 1998). Irrespective of the physiological significance of the results it 
is clear that hydroxycinnamates have implications for development as novel 
antitumor and cancer chemopreventive agents. 
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RESULTS 
Standardization of alkaline single cell gel electrophoresis/Comet assay 
Alkaline single cell gel electrophoresis is a very sensitive technique for 
detecting DNA single strand breaks at the level of a single cell. In this 
technique a small number of cells are treated with the test agent, layered on 
glass slides and sandwiched between layers of agarose. The slides are 
electrophoresed in alkaline conditions, stained and viewed under a fluorescent 
microscope for DNA single strand breaks. The technique is called Comet assay 
because of a comet like appearance of damaged cellular DNA. H2O2 is a known 
genotoxic agent and is routinely used in genotoxicity testing. In order to 
standardize Comet assay an experiment was performed with H202- Photographs 
of comets (lOOX) observed after treatment of lymphocytes with increasing 
concentrations of H2O2 are shown in figure 17. As can be seen untreated cells 
are not damaged and without any tail. However, with increasing concentrations 
of H2O2 a progressive increase in the length of comet tails is observed. In figure 
18 the results of the same experiment are plotted as comet tail length ([x meters) 
as a function of increasing H2O2 concentrations. 
DNA breakage by caffeic acid-Cu(II) in lymphocytes as measured by Comet 
assay 
Increasing concentrations of caffeic acid (0-50 |iM) either alone or in the 
presence of 20 )j,M CuCb were tested for DNA breakage in isolated human 
peripheral lymphocytes using the Comet assay. Caffeic acid alone at any of the 
concentrations tested did not damage the lymphocyte DNA whereas, on 
addition of 20 ]xM Cu(II) DNA damage to increasing degrees was observed. 
Figure 19A shows photographs of comets (lOOX) observed with increasing 
concentrations of caffeic acid in the absence and presence of 20 [iM copper. 
The corresponding tail length, % tail DNA and tail moment are plotted as a 
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function of increasing caffeic acid concentration in figure 20. Untreated 
lymphocyte controls were identical to caffeic acid alone or Cu(II) alone ( figure 
19B ) and almost no cellular DNA breakage could be observed in all these three 
category treatments. The results clearly establish that caffeic acid-Cu(II) 
system is capable of DNA breakage in lymphocytes. A similar experiment with 
increasing concentrations of Cu(II) (5-20 |J.M) at fixed concentrations of caffeic 
acid (50 \xM) was also performed. As can be seen from figure 21 an increasing 
degree of DNA damage with increasing concentrations of Cu(II) is observed. 
Effect of active oxygen scavengers on caffeic acid-Cu(II) induced DNA 
breakage in lymphocytes 
Previously it has been shown that the polyphenol resveratrol mediated 
degradation of DNA in the presence of Cu(II) is inhibited to significant degrees 
by various scavengers of reactive oxygen species (Azmi et al., 2005). Table 1 
gives the results of an experiment where the effect of sodium azide, potassium 
iodide, thiourea, neocuproine, SOD and catalase were tested on caffeic acid-
Cu(II) induced DNA breakage in lymphocytes. SOD and catalase remove 
superoxide and H2O2 respectively. Sodium azide is a scavenger of singlet 
oxygen and potassium iodide and thiourea remove hydroxyl radicals. From the 
data we conclude that H2O2 is an essential component in the pathway that leads 
to the formation of reactive oxygen species, of which superoxide anion and 
singlet oxygen are alternate DNA damaging agents. Neocuproine is a Cu(I) 
specific sequestering agent, which as expected also inhibited DNA breakage. 
The results therefore, indicate that the lymphocyte DNA breakage by caffeic 
acid-Cu(II) system is the result of the formation of reactive oxygen species. 
Comparative study of lymphocyte DNA breakage by hydroxycinnamate 
phenols 
In order to understand the chemical basis of DNA breakage by caffeic acid-
Cu(II) system, the relative efficiency of caffeic acid, /?-coumaric acid and o-
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coumaric acid for DNA breakage in lymphocytes was compared. Figure 22 
shows comet tail lengths obtained as a function of increasing concentrations of 
the phenols (0-50 |aM) in the presence of 20 |iM Cu(II). In agreement with the 
result of figure 12 where the degradation of calf thymus DNA by various 
hydroxycinnamates was studied, caffeic acid shows the formaton of largest 
comet tail lengths followed by p- and o-coumaric acids. Thus, caffeic acid is a 
more efficient DNA breaking agent in lymphocytes than the other two 
hydroxycinnamates. These results demonstrate that the presence of hydroxyl 
groups, their number and position on the aromatic ring is important for the 
DNA cleavage activity as well as efficiency. 
Effect of preincubating the lymphocytes with caffeic acid or Cu(II) on 
caffeic acid-Cu(II) mediated DNA breakage 
Lymphocyte DNA breakage was also studied after preincubating the cells with 
caffeic acid after which the cells were washed twice with PBS and incubated 
further in the presence of Cu(II) (20 [xM). The results given in figure 23 show 
that with increasing concentrations of caffeic acid a progressive increase in 
DNA breakage as indicated by increased tail length of comets is observed. A 
similar experiment was also performed by initially preincubating lymphocytes 
with increasing concentrations of Cu(II) and similar results were observed 
(Figure 24). These results indicate that both caffeic acid and Cu(II) are either 
able to traverse the cell membrane or bind to it. 
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Figure 17. Standardization of Comet assay with H2O2: 
Reaction mixture (1ml) contained 1x10^ cells, RPMI 400 |il, PBS 
Ca^ "^  and Mg^* free and indicated concentrations of H2O2 (0-50 
|j,M). The reaction mixture was incubated at 37 °C for 30 minutes 
and processed further for Comet assay as described in "Methods". 
Photographs of comets (lOOX) obtained on incubating 
lymphocytes with varying concentrations of H2O2. 
(A) untreated lymphocytes 
(B) lymphocytes + 10 jiM H2O2 
(C) lymphocytes + 20 ^M H2O2 
(D) lymphocytes + 30 |.iM H2O2 
(E) lymphocytes + 40 ^M H2O2 
(F) lymphocytes + 50 |iM H2O2 
y: \r^'<--^-----.^y^ 
TM-O ^ :s^ 
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Figure 18. Standardization of Comet assay with H2O2: 
Reaction mixture (1ml) contained 1x10^ cells, RPMI 400 |xl, PBS 
Ca^ "^  and Mg^ "^  free and increasing concentrations of H2O2 (0-50 
\xM). The reaction mixture was incubated at 37 ''C for 30 minutes 
and processed further for Comet assay as described in "Methods". 
Comet tail length (|a meters) plotted as a function of increasing 
concentrations of H2O2 (0-50 i^ M). 
All points represent mean of three independent experiments. Error 
bars denote ±SEM. P value < 0.05 and significant when compared 
to control. 
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Figure 19A. DNA breakage by caffeic acid-Cu(II) in tiuman peripheral 
lymphocytes as measured by Comet assay: 
Reaction mixture (1 ml) contained Ix 10^  cells, RPMI 400 fil, 
PBS Ca and Mg free, increasing concentrations of caffeic acid 
(0-50 |J.M) and 20 |aM Cu(II). The reaction mixture was incubated 
for 30 min at 37 °C. After the incubation the cells were processed 
further for Comet assay as described in "Methods". 
Photographs of comets (lOOX) obtained after treatment of 
lymphocytes with increasing concentrations of caffeic acid and 
fixed concentrations of Cu(II). 
[A] untreated lymphocytes 
[B] lymphocytes + caffeic acid 10 |aM + Cu(II) 20 i^M. 
[C] lymphocytes + caffeic acid 20 |aM + Cu(II) 20 i^ M. 
[D] lymphocytes + caffeic acid 50 i^M + Cu(II) 20 |iM. 
[E-H] lymphocytes + caffeic acid (10-50 |j.M) in the 
absence of Cu(II). 
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Figure 19B. DNA breakage by increasing concentrations of Cu(II) in 
tiuman peripheral lymphocytes as measured by Comet assay: 
Reaction mixture contained 1x10^ cells, RPMI 400 |il, PBS Ca^ "^  
and Mg free and increasing concentrations of Cu(II) (0-50 |iM). 
The reaction mixture was incubated at 37 °C for 30 minutes and 
the cells were processed further for Comet assay as described in 
"Methods". 
Photographs of comets (lOOX) obtained after treatment of 
lymphocytes with increasing concentrations of Cu(II). 
[A] untreated lymphocytes 
[B] lymphocytes + Cu(II) 10 ^M. 
[C] lymphocytes + Cu(II) 20 nM. 
[D] lymphocytes + Cu(II) 50 i^M. 
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Figure 20. DNA breakage by caffeic acid-Cu(II) in human peripheral 
lymphocytes as measured by Comet assay: 
Reaction mixture (1 ml) contained Ix lO*^  cells, RPMI 400 )il, 
PBS Ca^ '^  and Mg^ "^  free, increasing concentrations of caffeic acid 
(0-50 \xM) and Cu(II) 20 |LIM. The reaction mixture was incubated 
for 30 min at 37 °C. After the incubation the cells were processed 
further for Comet assay as described in "Methods". 
[A] Comet tail length (\x meters) plotted as a function of 
increasing concentrations of caffeic acid (0-50 |a,M) in the 
presence of 20 |iiM Cu(II). 
[B] Comet tail DNA (%) plotted as a function of increasing 
concentrations of caffeic acid (0-50 |j,M) in the presence of 
20 i^M Cu(II). 
[C] Tail Moment (arbitrary units) plotted as a function of 
increasing concentrations of caffeic acid (0-50 \xM) in the 
presence of 20 |iM Cu(II). 
All points represent mean of three independent experiments. Error 
bars denote ±SEM. P value < 0.05 and significant when compared 
to control. 
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Figure 21. DNA breakage by caffeic acid-Cu(II) in human peripheral 
lymphocytes as measured by Comet assay: 
Reaction mixture (1ml) contained Ix 10^  cells, RPMI 400 fal, PBS 
Ca^ "^  and Mg^ "*" free and increasing concentrations of Cu(II) (5-20 
|j.M) and caffeic acid 50 |iM. The reaction mixture was incubated 
at 37 °C for 30 minutes and processed further for Comet assay as 
described in "Methods". 
Comet tail length (|.i meters) plotted as a function of increasing 
concentrations of Cu(n) (0-20 |J,M) in the presence of 50 \xM 
caffeic acid. 
All points represent mean of three independent experiments. Error 
bars denote ±SEM. P value < 0.05 and significant when compared 
to control. 
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Figure 22. A comparison of the DNA breakage in human lymphocytes by 
caffeic acid, p-coumaric acid and <7-coumaric acid by Comet 
assay: 
Reaction mixture (1ml) contained 1x10^ cells, RPMI 400 |al, PBS 
Ca^^ and Mg^ "^  free, increasing concentrations of the three 
hydroxycinnamate phenols (0-50 |J,M) and Cu(II) 20 |J.M. The 
reaction mixture was incubated at 37 °C for 30 minute and the 
cells were processed further for Comet assay as described in 
"Methods". (•) caffeic acid; (•) p-coumaric acid and (n) o-
coumaric acid. 
All points represent mean of three independent experiments. Error 
bars denote ±SEM. P value < 0.05 and significant when compared 
to control. 
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Figure 23. Effect of preincubating the lymphocytes with increasing 
concentrations of caffeic acid on DNA breakage: 
Isolated lymphocytes suspended in RPMI 1640 were pre-
incubated with the indicated concentrations of caffeic acid for 30 
minutes at 37 °C. After pelleting, the cells were washed twice 
with PBS Ca^^ and Mg^ "^  free twice before re-suspension in RPMI 
1640 and further incubation for 30 minutes in the presence of 20 
IdM Cu(II). 
All points represent mean of three independent experiments. Error 
bars denote ±SEM. P value < 0.05 and significant when compared 
to control. 
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Figure 24. Effect of preincubating the lymphocytes with increasing 
concentrations of Cu(II) on DNA breakage: 
Isolated lymphocytes suspended in RPMI 1640 were pre-
incubated with the indicated concentrations of Cu(II) for 30 
minutes at 37 °C. After pelleting, the cells were washed twice 
with PBS Ca^ "^  and Mg^ "^  free before resuspension in RPMI 1640 
and further incubation for 30 minutes in the presence of 50 i^ M 
caffeic acid. 
All points represent mean of three independent experiments. Error 
bars denote ±SEM. P value < 0.05 and significant when compared 
to control. 
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Table 2 
Effect of scavengers of reactive oxygen species on caffeic acid induced 
lymphocyte DNA breakage 
Dose 
Untreated 
Caffeic acid (200 ^M) 
+ Thiourea (ImM) 
+ Catalase (l|ig/ml) 
+ SOD (1 \iglm\) 
Tail length {]i meters) 
1.66 ±0.12' 
14.88 ±1.33 
4.33 ±0.89* 
5.85 ±1.01* 
5.22 ±0.97* 
Inhibition (%) 
-
-
70.9.46 
60.68 
64.91 
-
-
'All represent ±SEM of three independent experiments. *P value < 0.05 when 
compared to control. 
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DISCUSSION 
The major conclusions of the experiments described in this chapter are: (i) 
caffeic acid-Cu(II) system is capable of oxidative DNA cleavage in whole cells, 
(ii) the cellular DNA damage by caffeic acid-Cu(II) involves the formation of 
Cu(I) and reactive oxygen species, and (iii) the cellular DNA breakage induced 
by this system depends on the number and the relative position of hydroxyl 
group on the aromatic ring of hydroxycinnamates. 
As already mentioned several classes of plant derived antioxidant 
polyphenols also exhibit oxidative DNA degradation properties particularly in 
the presence of transition metal ions such as copper. Evidence in the literature 
suggests that antioxidant properties of these compounds may not fully explain 
their anticancer effects (Gali et al., 1992; Ahmad et al., 2000). Further, we have 
previously shown that the polyphenol gallic acid is highly efficient in DNA 
degradation as compared with syringic acid (where two of the hydroxyl groups 
of gallic acid are modified) (Khan & Hadi, 1998). Interestingly modifications 
of phenolic hydroxyl groups such as that resulting in the formation of syringic 
acid abolishes the apoptosis inducing capacity of gallic acid (Inoue et al., 
1994). As mentioned in the 'Introduction' caffeic acid and p-coumaric acid 
studied here have been shown to possess anticancer properties. In addition, 
caffeic acid has also been shown to be a potent inducer of apoptosis in cancer 
cell lines. It is interesting to note that the apoptosis inducing activity of caffeic 
acid was enhanced in the presence of CuC^. Based on our own observation and 
those of others, we have proposed a mechanism for the cytotoxic action of plant 
polyphenolics against cancer cells that involves mobilization of endogenous 
copper and the consequent prooxidant action (Hadi et al., 2000). Thus, the 
major conclusion of the present study is that caffeic acid-Cu(II) mediated 
chemical cleavage of DNA is a physiologically feasible reaction and may be of 
biological significance. The idea of mobilizing endogenous copper and 
consequent prooxidant action by plant derived polyhenols is strengthened by a 
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number of other observations mentioned earlier (Hadi et al., 2000). More 
significantly it has been proposed that most clinically used anticancer drugs can 
activate late events of apoptosis (DNA degradation and morphological 
changes), and the essential signaling pathway differs between pharmacological 
cell death and physiological induction of cell death (Smets et al., 1994). Cu^ "*" 
and Zn^ "^  are the major metal ions present in the nucleus (Bryan, 1979) and that 
serum (Ebadi & Swanson, 1988) and tissue (Nazulewis, et al. 2004; Yoshida et 
al., 1993) concentrations of copper are greatly increased in various 
malignancies. Copper ions from chromatin can be mobilized by metal chelating 
agents giving rise to internucleosomal DNA fragmentation a property which is 
the hallmark of cells undergoing apoptosis (Burkitt et al., 1996). It has been 
recently shown that the polyphenol curcumin mediated apoptosis in HL60 cells 
is closely related to the increase in the concentrations of reactive oxygen 
species possibly generated through the reduction of transition metals in cells 
(Yoshino et al., 2004). Thus, it is possible that cellular DNA fragmentation by 
plant polyphenolics that involves mobilization of intra-cellular and extra-
cellular copper could be one of the important mechanisms involved in the 
chemopreventive properties of these compounds. 
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RESULTS 
DNA breakage by caffeic acid in lymphocytes as measured by Comet 
assay 
Increasing concentrations of caffeic acid (50, 100, 200, 400 \}M) were tested 
for DNA breakage in isolated lymphocytes using the Comet assay. 
Photographs of Comets seen on treatment with these concentrations are 
shown in figure 25. At 50 and 100 |aM concentrations caffeic acid did not 
damage the lymphocyte DNA to any significant extent whereas at 200 j^,M 
concentration and above Comets with a tail indicative of DNA breakage 
were observed. In figure 26 the tail lengths obtained from the same 
experiment are plotted as a function of increasing caffeic acid 
concentrations. The results clearly show that caffeic acid alone is capable of 
DNA breakage in lymphocytes. However, the minimum concentration 
required for such breakage (200-400 |a,M) is considerably greater than when 
caffeic acid (10 \xM.) is used along with Cu(II) as was shown previously 
(Chapter 11, Figures 19A and 20). 
Effect of neocuproine, a Cu(I) specific sequestering agent, on caffeic 
acid induced DNA breakage in lymphocytes 
In the previous chapter (Table 1) we had shown that the caffeic acid-Cu(II) 
mediated degradation of lymphocyte DNA is inhibited by neocuproine which 
is a Cu(I) specific chelating agent and is membrane permeable (Barbouti et 
al., 2001). Figure 27 gives the results of an experiment where progressively 
increasing concentrations of neocuproine were tested on caffeic acid induced 
DNA breakage in lymphocytes. A progressive decrease in the tail length as a 
function of increasing neocuproine concentration was seen. From the results 
it may be concluded that the DNA breakage by the polyphenol involves 
endogenous copper ions and that Cu(I) is an intermediate in the pathway that 
leads to DNA breakage. 
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Effect of active oxygen scavengers on caffeic acid induced DNA 
breakage in lymphocytes 
In the previous chapter (chapter II, Table 1), I have shown that caffeic acid-
Cu(II) mediated degradation of lymphocyte DNA is inhibited to significant 
degrees by various scavengers of reactive oxygen species. Table 2 gives the 
results of an experiment where three such scavengers have been tested, 
namely: superoxide dismutase (SOD) and catalase which remove superoxide 
and H2O2 respectively and thiourea which is a scavenger of several reactive 
oxygen species. All three cause significant inhibition of DMA breakage as 
evidenced by decreased tail lengths. We conclude that superoxide anion and 
H2O2 are essential components in the pathway that leads to the formation of 
hydroxyl radical and other species which would be the proximal DNA 
cleaving agents. These results along with the results of Table 1 (chapter II) 
suggest that caffeic acid-Cu(II) induced lymphocyte DNA breakage and 
DNA breakage by caffeic acid alone are likely the result of the same 
mechanism. 
Comparison of lymphocyte DNA breakage by various polyphenols 
According to our hypothesis (Hadi et al., 2000) mobilization of endogenous 
copper and the consequent degradation of cellular DNA is a general 
mechanism for anticancer properties of several plant polyphenols. However, 
depending on the structure of the molecule there would be differences of 
efficiency between various polyphenols. I have therefore compared the 
lymphocyte DNA breakage efficiency of various polyphenols with different 
structures. Figure 28 shows comet tail lengths obtained by using increasing 
concentrations of epigallocatechin-3-gallate (EGCG) which is considered to 
be the most effective apoptosis inducing polyphenol present in green tea 
(Ahmad et al., 1992; Azam et al., 2004), caffeic acid possessing two 
catecholic hydroxyls and its parent compound p-coumaric acid with a single 
hydroxyl group as well as gallic acid which is a structural constituent of 
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tannins (Khan & Hadi., 1998). Syringic acid is a derivative of gallic acid 
where two of the hydroxy! groups are present as methoxy groups. It is seen 
that except syringic acid all the other polyphenols are able to induce DNA 
breakage up to various degrees. It is worth mentioning that syringic acid is 
also ineffective as DNA cleaving agent in vitro (Khan & Hadi, 1998; Azmi 
et al., 2005) or lymphocyte DNA breakage in the presence of Cu(II) (Azmi 
et al., 2005). 
Determination of TEARS as a measure of oxidative stress in 
lymphocytes by caffeic acid and gallic acid in the presence of 
neocuproine and thiourea 
As mentioned above it is presumed in these studies that lymphocyte DNA 
breakage is the result of the generation of hydroxyl radicals and other 
reactive oxygen species in situ. Oxygen radical damage to deoxyribose or 
DNA is considered to give rise to TBA reactive material (quinlan & 
Gutterige, 1987). We have therefore determined the formation of TBA 
reactive substance (TEARS) as a measure of oxidative stress in lymphocytes 
with increasing concentrations of caffeic acid (Figure 29A) and gallic acid 
(Figure 29E). The effect of preincubating the cells with neocuproine and 
thiourea was also studied. Results given in Figures 29A and 29B show that 
there is a dose dependant increase in the formation of TBA reactive 
substance in lymphocytes treated with caffeic acid and gallic acid. However, 
when cells were preincubated with neocuproine and thiourea there was a 
considerable decrease in the rate of formation of TBA reactive substance by 
both caffeic acid as well as gallic acid. These results indicate that both DNA 
breakage and oxidative stress in cells is inhibited by Cu(I) chelation and 
scavenging of reactive oxygen. Thus it can be safely concluded that the 
formation of reactive oxygen species by these polyphenols in lymphocytes 
involves their interaction with intracellular copper as well as its reduction to 
Cu(I). 
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Detection of H2O2 generation by caffeic acid in the incubation medium 
Many plant polyphenols are known to generate H2O2 in different incubation 
media, for example Dulbecco's modified Eagle medium and RPMl 1640 
(long et al., 2000). Such extracellular production of H2O2 could account for 
lymphocyte DNA breakage in the present studies. I have therefore 
determined the formation of H2O2 in the incubation medium RPMI 1640 and 
also compared with a known generator of H2O2 namely tannic acid (Bhat and 
Hadi, 1994). The results given in figure 30 show that the rate of H2O2 
formation by caffeic acid is nearly negligible but that of tannic acid is quite 
significant. It is therefore suggestive that the cellular DNA breakage 
observed in our experiments is possibly not the result of extracellular 
production of H2O;. 
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Figure 25. DNA breakage by caffeic acid in lymphocytes as measured by 
Comet assay: 
Reaction mixture (1ml) contained 1x10^ cells, 400 ^l RPMI, PBS 
Ca^ "^  and Mg'^ "^  free and indicated concentrations of caffeic acid. 
The reaction mixture was incubated at 37 °C for 2 hrs and the 
cells were further processed for Comet assay as described in 
"Methods". 
Single cell gel electrophoresis of human peripheral lymphocytes 
showing Comets (lOOX) after treatment with different 
concentrations of caffeic acid; (A) untreated, (B) caffeic acid (50 
\iM), (C) caffeic acid (100 ^M) and (D) caffeic acid (200 ^ M ) , ( t ) 
caffeic acid (400 [iM). 
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Figure 26. Effect of increasing concentrations of caffeic acid on DNA 
breakage in lymphocytes: 
Reaction mixture (1ml) contained Ix 10^ cells, 400 |il RPMI, PBS 
Ca^ "^  and Mg^ "^  free and indicated concentrations of caffeic acid. 
The reaction mixture was incubated at 37 °C for 2 hrs and the 
cells were further processed for Comet assay as described in 
"Methods". 
The viability of cells after incubation was found to be greater than 
93%. All points represent mean of three independent experiments. 
Error bars denote ±SEM. P value < 0.05 and significant when 
compared to untreated control. 
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Figure 27. Effect of increasing concentrations of neocuproine on caffeic 
acid induced DNA breakage in human lymphocytes: 
Reaction mixture (Imi) contained Ix 10^ cells, 400 |il RPMI, PBS 
Ca^^ and Mg^^ free, 200 [iM caffeic acid and indicated 
concentrations of neocuproine. The reaction mixture was 
incubated at 37 °C for 2 hrs and the cells were further processed 
for Comet assay as described in "Methods". 
All points represent mean of three independent experiments. Error 
bars denote ±SEM. P value < 0.05 and significant when compared 
to untreated control. 
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Figure 28. Comparison of various polyphenols on the induction of DNA 
breakage in human lymphocytes: 
Reaction mixture (1ml) contained Ix 10^ cells, 400 |il RPMI, PBS 
Ca^ "^  and Mg^ "^  free and indicated concentrations of different 
polyphenols. The reaction mixture was incubated at 37 °C for 2 
hrs and the cells were further processes for Comet assay as 
described in "Methods". 
(•) gallic acid, (a) EGCG, (•) caffeic acid, (A) p-coumaric acid 
and (o) syringic acid. 
Error bars represent ±SEM of three independent experiments. 
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Figure 29. Effect of preincubation of lymphocytes with neocuproine and 
thiourea on TBARS generated by increasing concentrations of 
caffeic acid (A) and gallic acid (B): 
(A)- (•) caffeic acid alone, (D) caffeic acid + neocuproine (ImM) 
and (•) caffeic acid + thiourea (ImM). 
(B)- (•) gallic acid alone, (n) gallic acid + neocuproine (ImM) 
and (A) gallic acid + thiourea (ImM). 
The isolated cells (1x10^) suspended in RPMI 1640 were 
preincubated with the indicated concentrations of neocuproine and 
thiourea for 30 min at 37 °C. After pelleting the cells were washed 
twice with PBS (Ca and Mg free) before resuspension in RPMI 
and further incubation for 1 hr in the presence of increasing 
polyphenol concentrations. Viability of lymphocytes after 
preincubation with neocuproine and thiourea was more than 90%. 
Error bars represent ±SEM of three independent experiments. 
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Figure 30. Detection of caffeic acid induced H2O2 formation in the 
incubation medium by FOX assay: 
The sample mixtures (1 ml) contained 400 ^1 of the incubation 
medium (RPMI 1640) and the indicated concentrations of caffeic 
acid (o) and tannic acid (•).These were incubated for 1 hr at room 
temperature. The FOX reagent (0.9 ml) was added to each sample 
mixture (100 |il), followed by vortexing and 30 min further 
incubation at room temperature. After centrifugation of the 
solutions, the absorbance of the supernatants was recorded at 560 
nm against an appropriate blank. 
Error bars represent ±SEM of three independent experiments. 
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Table 1 
Effect of scavengers of reactive oxygen species on lymphocyte DNA breakage by 
caffeic acid-Cu(II) 
Treatment 
Untreated (#) 
Caffeic acid (50 ^M) + Cu(II) 
(20|iM) 
+ Sodium azide 
+ Potassium iodide (ImM) 
+ Thiourea (ImM) 
+ Ascorbate (ImM) 
+ Glutathione (ImM) 
+ Neocuproine (ImM) 
+ Superoxide dismutase (100 )^ g/ml) 
+ Catalase(100|ig/ml) 
Tail length (fi meters) 
02.50 ±0.15 
19.60 ±0.25* 
02.20 ±0.06* 
05.01 ±0.07* 
04.34 ±0.04* 
08.31 ±0.08* 
07.70 ±0.06* 
04.60 ±0.02* 
08.68 ±0.07* 
07.20 ±0.06* 
Inhibition 
(»/.) 
• 
0 
88.77 
74.44 
77.86 
57.76 
60.70 
76.53 
55.71 
63.26 
* P<0.05 by comparison with control (#).Data represents median ±S.E.M of 
three independent experiments. 
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DISCUSSION 
As already mentioned, over the last several years, this laboratory has 
extensively characterized a DNA cleavage reaction mediated by a number of 
plant polyphenols in the presence of copper ions (Rahman et al., 1989; Khan & 
Hadi, 1998; Ahsan et al., 1998 Ahmad et al., 2000; Azam et al., 2004). 
Subsequently, using human peripheral lymphocytes and Comet assay it was 
confirmed that the polyphenol resveratrol in the presence of Cu(ll) is indeed 
capable of DNA degradation in a cellular system (Azmi et al., 2005). In the 
present studies I have further confirmed this observation using plant phenols 
caffeic acid,/?-coumaric acid and o-coumaric acid. Based on the observations in 
this laboratory and those of others in literature a mechanism was proposed for 
the cytotoxic action of plant polyphenolics against cancer cells that involves 
mobilization of endogenous copper and the consequent generation of reactive 
oxygen species particularly the hydroxyl radical (Hadi et al., 2000). These other 
observations in literature include the fact that copper is the major metal ion 
present in the nucleus (Bryan, 1979) and that serum (Ebadi & Swanson, 1998) 
and tissue (Nazulewis et al., 2004) concentrations of copper are greatly 
increased in various malignancies. Copper ions from chromatin can be 
mobilized by metal chelating agents giving rise to internucleosomal DNA 
fragmentation, a hallmark property of cells undergoing apoptosis (Burkitt et al., 
1996). Further, it has been proposed that most clinically used anticancer drugs 
can activate late events of apoptosis (DNA degradation and morphological 
changes) and the essential signaling pathways differ between pharmacological 
cell death and physiological induction of cell death (Smets, 1994). 
Thus, may be suggested that the conclusion of the present study is that 
polyphenols possessing anticancer or apoptosis inducing activity are able to 
mobilize endogenous copper ions possibly the copper bound to chromatin. It is 
realized that the above results do not categorically prove that lymphocyte DNA 
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degradation involves mobilization of chromatin bound copper. However, there 
are a number of observations in literature which suggest that this is indeed the 
case. The generation of hydroxyl radicals in the proximity of DNA is well 
established as a cause of strand scission. It is generally recognized that such 
reaction is preceded by the association of a ligand with DNA followed by the 
formation of hydroxyl radicals at that site. Among the oxygen radicals the 
hydroxyl radical is the most electrophilic with high reactivity and therefore 
possesses a small diffusion radius. Thus in order to cleave DNA it must be 
produced in the vicinity of the DNA (Pryor, 1988). The location of redox-active 
metals is of utmost importance for the ultimate effect because the hydroxyl 
radical, due to its extreme reactivity, interacts exclusively in the vicinity of the 
bound metal (Chevion, 1988). Indeed we have earlier shown that the plant 
polyphenols are able to form a ternary complex with DNA and Cu(II) where 
Cu(II) is reduced to Cu(I) (Rahman et al., 1989). Polyphenols are known to 
reduce molecular oxygen to superoxide anion leading to the formation of H2O2 
(Ahmad et al., 1992). Superoxide can also be formed by reoxidation of Cu(I) to 
Cu(II) in the ternary complex (Rahman et al., 1989). Chromatin bound copper is 
understood to be present in the reduced form (Cu(I)) (Lewis & Lamelli, 1982) 
and thus would be available for reoxidation to Cu(II) by H2O2 in the Fenton 
type reaction and binding to polyphenols and recycling. It is well known that 
polyphenols autooxidize in cell culture media to generate H2O2 and quinones 
that could enter cells causing damage to various macromolecules (Long et al., 
2000; Halliwell, 2003; Clement et al., 2002). This may lead to extracellular 
production of reactive oxygen species that could account for lymphocyte DNA 
breakage. However, this does not seem to be the case in our system since we 
have previously shown that no lymphocyte DNA breakage is observed on 
preincubating the cells with resveratrol alone up to a concentration of 50 )J.M 
(Azmi et al, 2006). Further we could not detect any H2O2 formation on 
incubating caffeic acid (upto a concentration of 300 ).iM) in RPMI medium 
(Figure 30), that otherwise may account for cellular DNA breakage in the 
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present studies. A comparison of the properties of the complexes formed 
between plant polyphenols and Cu(II) and Fe(lII) should indicate which of 
these metals can lead to DNA fragmentation in nucleus when complexed. Not 
much is known about the properties of such complexes. However, considerable 
information is available about 1,10 ortho-phenanthroline chelation of copper 
and iron ions. Burkitt et al. (1996) cited several reasons why Cu(II) rather than 
Fc(III) may be responsible for ortho-phenanthroline stimulated 
internucleosomal nuclear DNA fragmentation in isolated nuclei. For example, 
the cumulative affinity constants for chelation of various metal ions by ortho-
phenanthroline are in the order Cu'' = Fe^^ > Zn^^ > Fe'^ ". The complex formed 
between copper and ortho-phenanthroline has a redox potential (E for Cu "^^ /Cu* 
= 0.17 V) that favours redox cycling, whereas that for Fe^ /^Fe^"^ is 1.1 V. 
presumable because of stabilization in the ferrous state. 
Some evidence suggests that polyphenolic compounds such as tannins 
and resveratrol are able to traverse cells membranes and may enter the 
cytoplasmic or nuclear space and they have also been shown to be present in 
such tissues as heart, liver and kidney (Bertelli et al., 2000). A model for the 
entry and interaction of phenols with chromatin-associated copper has been 
described (Li & Trush, 1994). The ability of gallotannins to enter the cell is 
indicated by the observation that tannic acid prevents formation of the benz-(a)-
pyrene-DNA adduct by inhibiting the binding of the ultimate carcinogen to 
target tissue DNA rather than by altering the metabolism of benz-(a)-pyrene 
(Mukhtar et al., 1988). The question of bioavailibility of polyphenols in 
mammalian system also needs to be addressed. Some relatively recent work 
with resveratrol indicates that it may have a relatively low bioavailibility due to 
its biotransformation and rapid elimination. Nardini et al. (1997) have 
demonstrated that 0.8% CA in the diet is associated with plasma concentrations of up to 
about 5.52 |iM. Dietary CA is readily absorbed by human and rat where it circulates in 
plasma at micromolar concentrations (Nardini et al., 1997; Jacobson et al., 1983 .^ 
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Further Xu et al. (2005) have showed that CA inhibited the tumor growth of mouse-
transplanted hepatocarcinoma H22 and colorectal cancer C26 cells with an inhibition 
rate of 42-43% when the mice were treated with 1 g/kg CA for 10 days. In this context 
it may be mentioned that the minimum concentration of caffeic acid tested in 
this study in the presence of added copper ions for DNA breakage in 
lymphocytes was 10 |iM (chapter II, Figure 20). However, as shown in the 
above results the minimum concentration of caffeic acid required for DNA 
breakage in lymphocytes in the absence of exogenously added copper ions is 
between 200-400 )iM. Because of higher intracellular copper levels in cancer cells it 
may be predicted that such concentrations of caffeic acid required for the cytotoxic 
action against such cells would be considerably lower. It is noteworthy that 
ascorbate, which also acts as a prooxidant in the presence of copper ions, is 
cytotoxic to a leukemic cell line at a lower concentration than normal 
lymphocytes (Singh, 1995). Most studies on anticancer mechanisms of plant 
polyphenols invoke the induction of cell cycle arrest at the S/G2 phase 
transition brought about by an increase in cyclins A and E and inactivation of 
cdc2. Other mechanisms have also been proposed (Asensi et al., 2003). Based 
on previous work in this laboratory it may be proposed that mobilization of 
endogenous copper ions by polyphenols and the consequent prooxidant action 
could be one of the important mechanisms for their anticancer and 
chemopreventive properties. Indeed such a common mechanism would better 
explain the anticancer effects of polyphenols with diverse chemical structures 
as also the preferential cytotoxicity towards cancer cells. 
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Vbstract Res\cratrol (3,4 ,5-trihjdro\) stilbenc), a plant dc-
ri\cd pol>phenol found in mulberries, grapes and red nine is con-
sidered to possess chemopro enti> e properties against cancer. It 
is recognized as a naturall> occurring antioxidant but also cata-
l)zes o\idati>e DNA degradation in >itro in the presence of tran-
sition metal ions such as copper. Lsing a cellular s>stem of 
UmphocNtes isolated from human peripheral blood and Comet 
assa\, v»c ha\e confirmed that res>eratrol-Cu(Il) sjstem is in-
deed capable of causing DNA degradation in cells such as lym-
phoc\te ' \lso, franv-stilbene, which does not have an) 
h \dro \ ) l groups, is inactive in the lymphocyte svstem. Pre-incu-
bation of hmphocytes with resveratrol indicates that it is capable 
of either traversing the cell membrane or binding to it. Our re-
sults are in partial support of our hypothesis that anticancer 
properties of various plant derived polyphenols may involve 
mobilization of endogenous copper and the consequent prooxi-
dant action. 
© 2005 Published by FIscvier B . \ . on behalf of the Federation of 
Kuroptan Biochemical .Societies. 
kewtouh Resverdtrol, Comet assay, Cu(ll) reduction 
Reactive oxygen species 
I. Introduction 
Resverdtrol (3,4' 5-tnhydroxy stilbene) belongs to a class ot 
compounds known as phytoalexins and has been isolated from 
several spermatophytcs of which grapevine peanuts and pines 
are the prime representatives Studies on resveratrol have 
gained momentum in the last few years because of the phe-
nomenon of "French Paradox', which refers to the paradoxical 
finding that the incidence of coronary heart disease in the pop-
ulation ol southern France is relatively low inspitc ol high in-
take ol saturated lats in the diet This phenomenon has been 
correlated with a higher intake of red wine in this region with 
resveratrol being identified as the major constituent responsi-
ble lor this elTect 
Resveratrol has been reported to have a variety of anti-
inflammatory [1], anti-platelet [2], anti-mutagenic [3] elTects 
and has been shown to be an agonist for the estrogen receptor 
[4] a property relevant to its reported cardiovascular protec-
tive properties It has been found to confer resistance to plants 
against fungal inlections [5] and inhibit DNA polymerase [6] 
Corresponding author fax +91 571 2706002 
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and ribonucleotide reductase [7] Frankele ta l [8] have demon-
strated the inhibition of LDL oxidation by resveratrol and 
Belguendouz et al [9] have attributed this activity to chelate 
copper ions Resveratrol has been implicated as cancer chemo-
preventive agent capable of inhibiting all the three stages of 
chemically induced carcinogenesis namely tumor initiation, 
promotion and progression [1] In agreement with the findings 
that cancer chemopreventive agents can induce apoptosis [10-
12], resveratrol has been shown to induce apoptosis in human 
tumor cells [13,14] 
Earlier studies in our laboratory have established that sev-
eral antioxidant polyphenolic compounds of plant origin such 
as flavonoids [15], tannins [16] and curcumins [17] are them-
selves capable of inducing oxidative DNA damage either alone 
or in the presence of certain transition metal ions especially 
Cu(II) Further, it was also pointed out that several properties 
ol these compounds such as binding to DNA and its 
degradation are similar to those of known anticancer drugs 
such as bleomycin, adriamycin and 4'-(9-acrdinylammo) 
methanesulphone-/«-anisidine (mAMSA) [18-20] It has been 
shown that the polyphenolic resveratrol is also capable of 
strand breakage in DNA in the presence ot copper ions [21] 
Previously we have shown that resveratrol catalyzes the reduc-
tion of Cu(II) to Cu(I), which is accompanied by the formation 
of oxidized product(s) of resveratrol, which in turn also appear 
to catalyze the reduction of Cu(II) Further, strand scission by 
the resveratrol-Cu(II) system was found to be biologically ac-
tive as assayed by bacteriophage inactivation [22] Using a cel-
lular system of lymphocytes isolated from human peripheral 
blood and alkaline single cell gel electrophoresis (Comet as-
say), we have confirmed that resveratrol-Cu(II) system is in-
deed capable of causing DNA degradation in cells such as 
lymphocytes Further, the DNA degradation of lymphocytes 
IS inhibited by scavengers of reactive oxygen and neocuproine. 
a Cu(I) spcciliL sequestering agent Also, similar to the in vitro 
results, /((i«i-stilbene which does not have any hydroxyl 
groups IS inactive in the lymphocyte system These findings 
demonstrate that the resveratrol-Cu(II) system for DNA 
breakage is physiologically feasible and could be of biological 
significance 
2. Materials and methods 
2 1 Maienah 
Resveratrol piceatannol ;r«/ii-stilbene neocuproine superoxide 
dismutase (SOD) agarose low melting point agarose (LMPA) RPMI 
1640 Triton lOOx Trypan blue Histopaque 1077 and phosphate buf-
fered saline (PBS) Ca** and Mg** free were purchased from Sigma 
00I4-579VSW00 © 2005 Published by CIseviei B V on Ixhall ol the I ederalion ol European Biochemical Societies 
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(St Louis LSA) Supercoiled plasmid pBR322 DNA was prepared 
according to standard methods [23] All other chemicals were of ana-
lytical grade Resveratrol was dissolved in 3 mM cold NaOH before 
use as a stock of I mM solution Upon addition to reaction mixtures 
in the preseiue ol buffers mentioned and at the concentrations used 
res\eratrol remained m solution The volumes ol stock solution added 
did not lead to any appreciable change in the pH of reaction mixtures 
2 2 Iwlalum oj lymplwiyles 
Heparinized blood samples (2 ml) from healthy donors were ob 
tamed by venepuncture and diluted suitably in Ca** and Mg** free 
PBS Lvmphocvtes were isolated from blood using Histopaque 1077 
(Sigma) the cells (=2x 10^ ) were suspended in RPMl 1640 
590 nm barrier liltcrs) integrated CC camera Comets were scored it 
100 X magmhcalion Images from SO cells (25 Irom each replicate slide) 
were analy?ed The parameter taken to assess lymphocytes DNA dam 
age was tail length (migration of DNA from the nucleus \xm) and was 
automatically generated by Komel 5 5 image analysis system 
2 6 Siainiic^ 
The statistical analysis was performed as described bv Tice et al [26] 
and IS expressed as ±S E M ol three experinunls A studi.ni s / test w is 
used to examine statistically signihcant dilTerences Anahsis ol van 
ance was performed using ANOVA P values <0 05 were considered 
statistically sigmhcant 
2 3 Vuhilil) (issessmenl of lymphocytes 
The lymphocytes were checked for their viability before the start and 
after the end of the reaction using Trypan Blue Exclusion test [24] The 
viability of the cells was found to be greater than 93% 
2 4 Treatimnt ol h mphoi i les 
Lymphocytes were exposed to different concentrations of resvera-
trol, piceatannol and rra/u-stilbene in the absence and presence of var-
ious concentrations of CuCIa in a total reaction volume of 1 ml 
Incubation was performed at 37 °C for 30 min or as specihed In some 
experiments lymphocytes were pre-incubated either with 50 nM resve-
ratrol or 20 nM CuCl: In another set of experiments scavengers of 
reactive oxygen v\ere added at the hnal concentrations indicated After 
the incubation the reaction mixture was centrifuged at 4000 rpm the 
supernatant was discarded and pelleted lymphocytes were resuspended 
in 100 nl of PBS and processed further for Comet assay 
2 ^ Comet assa\ 
Comet ass<iv was performed under alkaline conditions essentially 
accord'ng to the procedure of Singh et al [25] with slight modifica-
tions Fully frosted microscopic slides precoated with 1 0% normal 
melting agarose al about 50 °C (dissolved in Ca** and Mg** free 
PBS) were used Around 10 000 cells were mixed with 75 1^ of 1 0"/. 
LMPA to form a cell suspension and pipetted over the first layer 
and covered immediately by a coverslip The slides were placed on a 
flat trav and kept on ice for 10 min to solidify the agarose The cover 
slips were removed and a third layer of 0 5% LMPA (75 nl) was pipet 
ted and covershps placed over it and allowed to solidify on ice for 
5 min The covershps were removed and the slides were immersed in 
cold lysing solution containing 2 5 M NaCl, 100 mM EDTA, 10 mM 
Tris pH 10, and l%Triton lOOx added just prior to use for a minimum 
of 1 h at 4 "C After lysis DNA was allowed to unwind for 30 min in 
alkaline electrophoretic solution consisting of 300 mM NaOH, 1 mM 
EDTA pH > 13 Electrophoresis was performed at 4 °C in a field 
strength of 0 7 V/cm and 300 mA current The slides were then neutral 
ized with cold 0 4 M Tns, pH 7 5, stained with 75 nl EtBr (20 ng/ml) 
and covered with a coverslip The slides were placed in a humidified 
chamber to prevent drying of the gel and analyzed the same day Slides 
were scored using an image analysis system (Komet 5 5 Kinetic Imag 
ing, Liverpool UK) attached to a Olympus (CX4I) fluorescent micro-
scope and a COHU 4910 (equipped with a 510-560 nm excitation and 
3 Results and discussion 
3 I DNA hreakage tiuhued b\ iesienitiol~Lu(II) tii 
hitiphoiMes rts meastiied h\ Coitwl cisscn 
The structures of resveratrol the structurally siniildr picea-
tannol and the parent compound Ofl/iv-stilbene used in this 
study are given in Fig 1 Increasing concentrations of resvera-
trol (10 100 |iM) either alone or in the presence ot 20 nM 
CuCli were tested for DNA breakage in isolated lymphocytes 
using the Comet assay Resveratrol alone, at any of the con-
centrations tested did not damage the lymphocyte DNA 
whereas on addition of Cu(II) DNA damage to \drying de-
grees was observed (results not shown) Photographs of Com-
ets seen on treatment with 50 i^M resveratrol alone (a), 20 |AM 
Cu(II) alone (b) and in the presence of both these additions (c) 
are shown in Fig 2 Untreated lymphocyte controls were sim-
ilar to resveratrol alone or Cu(ll) alone (results not shown) 
The results clearly establish that resveratrol Cu(II) system is 
capable of DNA breakage in lymphocytes A similar experi-
ment with increasing concentrations of Cu(II) (5 20 nM) at 
Fig I Chemical structures of (a) resveratrol (b) piceatannol and (c) 
(ra/n-stilbcne 
Fig 2 Single cell gel electrophoresis of human peripheral lymphocytes showing comet (lOOx) after treatment with resveratrol alone (50 nM) (a) 
Cu(II) alone (20 nM) (b) and with resveratrol (50 nM) and Cu(II) (20 nM) (c) 
-I 5 Aznii a ul I H BS Uiuis W (2m)5) iUI ^Hl 313^ 
lail length 
( J i m ) 
2 50 ± 0 1S 
22 SS ± 2l)l" 
4 22 ± 0 3S" 
8 77 ±0 85' 
6 03 + 0 55' 
7 92 ± 0 78* 
I028± 1 II" 
10 27 ± I 03" 
7 65 ± 0 73' 
6 62 ± 0 59" 
I n h i l i i l i o i i 
( ) 
0 
SI iS 
61 66 
73 64 
65 38 
55 38 
55 11 
66 56 
71 06 
Table I 
I iretl ol M.ivi.ngi.rs ol .alive oxy^ Lii spmcs on lynipluKVU DNA 
breakage b\ lesvcralrol (.ii(ll) 
Trealmeiil 
Uiitrealeil {#) 
Kcsvei.ilrol (SOjiM) + C u(ll) (20 (cM) 
+ Sodium a/icie (1 iiiM) 
+ Potassium iodide (1 iiiM) 
+ Thiourea (I mM) 
+ Astorbate (I mM) 
+ Glutathione (1 mM) 
+ Neocuprome (1 mM) 
+ Superoxide dismutase (100 |ig/ml) 
+ Catdlase (lOOng/ml) 
'P<0()5 by comparison with control (#) Data represent med-
ian ± S E M of three independent experiments 
lixcii coiKciilralioiis ol rcsvcratrol (50 t^M) was also Larncd 
out All increasing degree ol DNA damage with increasing 
Cu(II) concentrations was seen (results not shown) 
i 2 Efjetl of Mine owgen uaiengeri on lesienilrol-CtitII) 
imhicecl DNA damage in hmpliocMes 
In d previous study [22], we had shown that the resveratrol-
Cu(II) mediated degradation of DNA and indctivdtion ot 
bacteriophage / is inhibited to significant degrees by various 
scavengers of reactive oxygen species Table i gives the results 
of an experiment where the effect of sodium azide, potassium 
iodide, thioured, neocuoproine, superoxide dismutase (SOD) 
and cataldse were tested SOD and catalase remove superoxide 
and HiO;, respectively Sodium azide is a scavenger ot singlet 
oxygen and potassium iodide and thiourea remove hydroxy! 
radicals From the data, we conclude that H2O2 is an essential 
component in the pathway that leads to the formation of reac-
tive oxygen species, of which superoxide anion and singlet oxy-
gen are alteinale DNA damaging agents Neocuprome is a 
Cu(I) specific sequestering agent which as expected also inhib-
its DNA breakage The results suggest that the chemically in-
duced DNA breakage observed in vitro and lymphocyte DNA 
damage by resveratrol Cu(II) system are most likely the result 
ol the same mechanism However, it is realized that direct con-
liimation ol the result requires additional v\ork 
? i Cleauii;e ojplasmuJpBRS22 D\A h\ resieralrol 
pucalannol and lians-sldlunc 
111 oidei to undeistand the chemical basis ol DNA breakage 
by resveratrol Cu(Il) system, we have compared the relative 
DNA cleavage efficiency of resveratrol, piceatannol, and the 
parent compound fxHn-stilbene in plasmid pBR322 DNA In 
the results given in Fig 3, both resveratrol and piceatannol 
caused conversion of supercoiled plasmid molecules into linear 
molecules However, piceatannol also gives rise to smaller 
sized heterogeneous fragments as indicated by the formation 
of a smear on the gel Thus, piceatannol is a more efficient 
DNA cleaving agent than resveratrol 7>(//ij-stilbene which 
docs not have any hydroxyl group, is not a cleaving agent 
These results demonstrate that the presence of hydroxyl 
groups IS essential lor DNA cleavage Further the efficiency 
of cleavage increases with the number of hydroxyl groups A 
Similar comparison ot the three (using the same concentra-
tions, 1 e , 50 nM) tor DNA breakage in lymphocytes wa» also 
performed The results are expressed as tail lengths of the 
Comets in Fig 4 In agreement with the results of Fig 3, picea-
tannol shows the formation of largest tail followed by resvera-
trol and minimal tail lorination in the case of //«/w-stilbene 
3 4 Effect ojpre-mcuhation 0/ hmphocvles with resierutrol or 
Cu(ll) on resieratrol-Cii(II) mediated DNA breakage 
Lymphocyte DNA breakage was also studied after pre-incu-
bating the cells with resveratrol after which the cells were 
washed twice with PBS and incubated further in the presence 
ofCuCli The results given in Fig 5 show that with increasing 
concentration of resveratrol a progressive increase in DNA 
breakage as indicated by increased tail length of Comets is ob-
served A similar experiment was also done by pre-incubation 
with CUCIT and similar results were observed (Fig 6) These re-
sults indicate that both resveratrol and Cu(II) are either able to 
enter the cells or bind to the cell membrane 
I ig ^ Oegradalion of pUR^22 pl.ismid DNA by res\er.iirol pii-eatannol and mms siilbcnc in the absence and presence of Cu(n) Lane 1 DNA 
alone laiKs 2 4 DNA + rtsvoralrol piccal.innol and /^ims siilbene (M)(iM) lanes s 7 DNA + res\eratrol piceatannol and fra/n-stilbene 
(50nM) + Cu(ll)(20nM) SC supercoiled DNA OC nicked uicular LIN linear molecules 
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Polyphenol (nM) 
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Fig 4 A compdnson of the DNA breakage in human lymphocytes by 
resveralrol (•) piceatannol (•) and ;rrt/!?-stilbene (T) in the presence 
ofCudI) The concentration of Cu(II) was 20 |iM Values reported are 
±S E M ot three indeiXMidenl experiments 
25-, 
20 30 
Resveratrol (jiM) 
50 
Fig 5 Effect of pre-incubating the lymphocytes with increasing 
concentrations of resveratrol on DNA breakage The isolated cells 
suspended in RPMl 1640 were pre-incubated with the indicated 
concentrations of resveratrol for 30 min at 37 °C After pelleting the 
cells were washed with PBS twice before resuspension in RPMI and 
further incubation for 30 mm in the presence of 20 nM Cu(II) Values 
reported are ±S t M of three independent experiments 
Ab already mentioned several classes of plant-derived antiox-
idant polyphenols also exhibit oxidative DNA degradation 
properties particularly in the presence of transition metal ions 
such as copper Evidence m the hterature suggests that antioxi-
dant properties of these polyphenols may not fully account for 
their anticancer effects [27] Further, we have previously shown 
that the polyphenol gallic acid is highly efficient in DNA degra-
dation as compared with syrmgic acid (where two of the hydro-
xyl groups of gallic acid are modified) [28] Interestingly, 
modification of phenolic hydroxyl groups such as that resulting 
in the formation of syringic acid abolishes the apoptosis induc-
ing capacity of gallic acid [29] It is to be noted that piceatannol 
which IS the tetra-hydroxy derivative of resveratrol (Fig 1) is 
also a potent inducer of apoptosis in human SK-Mel-28 Mela-
noma cells [30] Indeed, it has been shown that resveratrol is con-
verted to piceatannol by cytochrome P450 enzyme CYPIBI 
from human lymphoblast microsomes [31] Recently, Dong 
Fig 6 Effect of pre-incubating the lymphocytes with increasing 
concentrations of Cu(n) on DNA breakage The conditions of pre 
treatment and further treatment with 50 jiM resveratrol were the same 
as given in Fig 5 Values reported are ±S C M of three independent 
experiments 
[ 12] has shown that a penta hydroxyl synthetic derivative of res-
veratrol was more effective as an inhibitor of EGF induced ceil 
transformation as compared with resveratrol Based on our 
own observations and those of others, we have proposed a mech-
anism lor the cytotoxic action of plant polyphenolics against 
cancer cells that involves mobilization of endogenous copper 
and the consequent prooxidant action [32] Thus, the major con-
clusion ol the present study is that polyphcnol-Cu(n) mediated 
chemical cleavage of DNA is a physiologically feasible reaction 
and may be of biological significance Our idea is strengthened 
by a number of other observations mentioned earlier [32] More 
significantly it has been proposed that most clinically used anti-
cancer drugs can activate late events of apoptosis (DNA degra-
dation and morphological changes), and the essential signaling 
pathway differs between pharmacological cell death and physio-
logical induction of cell death [33], Cu"^ * and Zn** are the major 
metal ions present in the nucleus [34] serum [35] and tissue [36] 
concentrations ol copper arc greatly increased in various malig-
nancies Copper ions from chromatin can be mobilized by metal 
chelating agents giving rise to internucleosomal DNA fragmen-
tation a property which is the hallmark of cells undergoing apop-
tosis [37] It has recently been shown that the polyphenol 
curcumin mediated apoptosis of HL60 cells is closely related 
to the increase in the concentrations ol reactive oxygen species 
possibly generated through the reduction of transition metals 
in cells [38] Thus, it is possible that cellular DNA tragmentation 
by plant polyphenolics that involves mobilization of intra-cellu-
lar and extra-cellular copper could be one of the mechanisms in-
volved in the chemopreventive properties of these compounds 
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Abstract Plant polyphenols are important components of hu-
man diet and a number of them arc considered to possess chc-
moprocntivc and therapeutic properties against cancer. They 
are recognized as naturally occurring antioxidants but also 
act as prooxidants catalyzing DNA degradation in the presence 
of transition metal ions such as copper. Using human peripheral 
lymphocytes and Comet assay we have previously confirmed 
that resveratrol-Cu(ll) is indeed capable of causing DNA deg-
radation in cells. In this paper we show that the polyphenols 
alone (in the absence of added copper) are also capable of caus-
ing DNA breakage in cells. Incubation of lymphocytes with 
neocuproine inhibited the DNA degradation confirming that 
Cu(I) is an mtermediate in the DNA cleavage reaction. Fur-
ther, we have also shown that polyphenols generate oxidative 
stress in lymphocytes which is inhibited by scavengers of reac-
tive oxygen species and neocuproine. These results are in fur-
ther support of our hypothesis that anticancer mechanism of 
plant polyphenols involves mobilization of endogenous copper, 
possibly chromatin bound copper, and the consequent prooxi-
dant action. 
© 2005 Federation of European Biochemical Societies. Published 
by Elsevier B.V. All rights reserved. 
Ke\\\ords Plant polyphenols, Comet assay, Endogenous 
copper, Prooxidant action 
1. Introduction 
Plant-derived polyphenolic compounds such as fldvonoids, 
tannins, curcumin and the stiibene resveratrol possess a wide 
range of pharmacological properties, the mechanisms of 
which have been the subject of considerable interest They 
are recognized as naturally occurring antioxidants and have 
been implicated as anticancer compounds [1] In recent years, 
several reports have documented that plant polyphenolics, 
including curcumin, resveratrol and gallocatechins such as 
gallic acid, epigallocatechin, epicdtechin-3-gdllate, and epigal-
locatechin-3-galldte (EGCG), induce apoptosis in various 
cancer cell lines [2-5] Gallocatechins are constituents of 
green tea, the consumption of which is considered to reduce 
'Corresponding .uilhor lax +91 571 27()6(H)2/9I 571 25()7()89 
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the risk ot various cancers such as those of bladder, pros-
trate, oesophagus and stomach [5] Resveratrol is present in 
human dietary material such as peanuts, grapes, mulberries 
and beverages such as red wine Of particular interest is the 
observation that a number of these polyphenols including 
epigallocatechin-3-gdllate, gallic acid and resveratrol induce 
apoptotic cell death in various cancer cell lines but not in 
normal cells [3-5] 
Studies in our laboratory have shown that fldvonoids [6], 
tannic acid and its structural constituent gdllic dcid [7], cur-
cumin [8], gallocatechins [9] and resveratrol [10] cause oxida-
tive strand breakage in DNA either alone or in the presence 
of transition metal ions such as copper Copper is an impor-
tant metdl ion present in chromatin and is closely dssocidted 
with DNA bases particularly guanine [11] It is also one of 
the most redox active of the various metal ions present in 
cells Most of the pharmacological properties of plant poly-
phenols are considered to reflect their ability to scavenge 
endogenously generated oxygen radicals or those free radi-
cals formed by various xenobiotics, radiation etc However, 
some data in the literature suggests that antioxidant proper-
ties of the polyphenolic compounds may not fully account 
for their chemopreventive effects [12,13] Most of the plant 
polyphenols possess both antioxidant as well as prooxidant 
properties [4,6] and we have earlier proposed that the proox-
idant action of polyphenolics may be an important mecha-
nism of their anticancer and apoptosis inducing properties 
[13] Such a mechanism for the cytotoxic action of these 
compounds against cancer cells would involve mobilization 
of endogenous copper ions and the consequent prooxidant 
action Using a cellular system of peripheral lymphocytes 
isolated from human blood and alkaline single cell gel elec-
trophoresis (Comet assay), we have confinned that resvera-
trol in the presence of Cu(II) is indeed capable of causing 
DNA degradation in cells Further, such DNA degradation 
in lymphocytes is inhibited by scavengers of reactive oxygen 
and neocuproine, a Cu(I) specific sequestering agent, indicat-
ing that the DNA breakage is caused by reactive oxygen spe-
cies generated through the reduction of Cu(II)-Cu(I) by the 
polyphenols [14] 
As a further confirmation of our hypothesis, in this paper we 
show that several plant polyphenols alone (in the absence of 
added Cu(ll)) are also capable ol lymphocyte DNA degrada-
tion and that such degiadation is mediated through mobiliza-
tion ol ciulogcnous copper ions 
(M)I4 5793/S12IK) (O 2005 I .-dcialion ol 1 nio|x.in lliochcinicil Sociclics Published by Llsevicr B V All rights reserved 
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2. Materials and methods 
2 1 Materials 
Resveratrol, piceatannol, trans-stilbene, gallic acid, syringic acid, 
neocuprome, superoxide dismutase (SOD), agarose, low melting point 
agarose (LMPA), RPMI 1640, Triton X-IOO, Trypan blue, Histopaque 
1077 and phosphate buffered saline (PBS) Ca** and Mg** free were 
purchased from Sigma, (St Louis, USA) All other chemicals were of 
analytical grade Resveratrol, piceatannol and ?rans-stilbene were dis-
solved in 3 mM NaOH before use as a stock of 1 mM solution All 
other polyphenols were dissolved in water Upon addition to reaction 
mixtures, in the presence of buffers mentioned and at the concentrations 
used all the polyphenols used remained in solution The volumes of 
stock solutions added did not lead to any appreciable change in the 
pH of reaction mixtures 
2 2 Isolation of hmphocytes 
Heparinized blood samples (2 ml) from healthy donors were ob-
tained by venepuncture and diluted suitably in Ca** and Mg free 
PBS Lymphocytes were isolated from blood using Histopaque 1077 
(Sigma), and the cells were finally suspended in RPMI 1640 
2 3 Viability assessment of lymphocytes 
The lymphocytes were checked for their viability before the start and 
after the end of the reaction using Trypan Blue Exclusion test [15] 
2 4 Lunphocyte tiealineni 
Lymphocytes (I x 10* cells) were exposed to different concentrations 
of polyphenols m a total reaction volume of 1 ml (400 jil RPMI, PBS 
Ca and Mg"* free and indicated concentrations of polyphenols) 
Incubation was performed at 37 °C for 2 h or as specified In some 
experiments, 3ca\engers of active oxygen were added at the final con-
centrations indicated After the incubation, the mixture was centn-
fuged at 4000 rpm, the supernatant was discarded and pelleted 
lymphocytes were resuspended in 100 \i\ of PBS (Ca** and Mg** free) 
and processed further for Comet assay 
2 5 Comet a\sa) 
Comet assay was performed under alkaline conditions essentially 
according to the procedure of Singh et al [16] and is described by us 
in detail previously [14] 
2 6 Statistics 
The statistical analysis was performed as described by 1 ice et al [17] 
and IS expressed as ±S E M of three experiments A student's /-test 
was used to examine statistically significant differences Analysis of 
variance was performed using ANOVA P values < 0 05 were consid-
ered statistically significant 
2 7 Determination of TBARS and H2O2 
Thiobarbituric acid reactive substance was determined according to 
the method of Ramanathan et al [18] A cell suspension (1 x 10*/ml) 
was incubated with different polyphenols (0-400 \sM) at 37 °C for 
1 h and then centrifuged at 1000 rpm In some experiments the cells 
were pre-incubated with fixed concentrations of neocuprome and thio-
urea The cell pellet was washed twice with phosphate buffered saline 
(Ca** and Mg** free) and suspended in 0 1 N NaOH This cell suspen-
sion (I 4 ml) was further treated with 10% TCA and 0 6 M TBA (thio-
barbituric acid) in boiling water bath for 10 min The absorbance was 
read at 532 nm H2O2 was determined in the incubation medium by 
FOX assay as described by Long et al [19] The reaction mixture 
was the same as mentioned in 2 4 above but without cells After incu-
bation for 2 h at 37 °C an aliquot of 100 nl was analyzed for HiOi 
formation 
Fig 1 Single tell gel electrophoresis ol human peripheral lyiiiphocyles showing Comets (lOOX) alter Irealmcnl with dillcrenl contcnlralioiis ol 
rcbveratrol, (A) untreated, (B) resveratrol (50 HM), (C) resveratrol (100 \iM) and (D) resveratrol (200 nM) 
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3 Results 
3 I DNA breakage by resveratrol in hinphocytes as measured 
by Comet assay 
Increasing concentrations of resveratrol (50, 100, 200 nM) 
were tested for DNA breakage in isolated lymphocytes using 
the Comet assay Photographs of Comets seen on treatment 
with these concentrations are shown in Fig 1 At 50 and 
100 |iM concentrations resveratrol did not damage the lym-
phocyte DNA to any significant extent whereas at 200 nM 
concentration a Comet with a tail indicative of DNA breakage 
was observed In Fig 2 the tail lengths obtained from the 
same experiment are plotted as a function of resveratrol con-
centration The results clearly establish that resveratrol alone 
IS capable of DNA breakage in lymphocytes However, the 
minimum concentration required for such breakage (100-
200 nM) is considerably greater than when resveratrol 
(10 \iM) is used along with Cu(II) as was shown in our previ-
ous publication [14] 
100 200 300 
Neocuproine ((iM) 
400 500 
Fig 3 Effect of increasing concentrations of neocuproine on resve-
ratrol induced DNA breakage in human lymphocytes Values reported 
are ±S E M of three independent experiments 
3 2 Effect of neocuproine aCu(I) specific sequestering agent 
on resieratrol induced DNA breakage in lymphocytes 
In the previous study [14] we had shown that the resveratrol-
Cu(II) mediated degradation of lymphocyte DNA is inhibited 
by neocuproine which is a Cu(l) specific chelating agent and is 
membrane permeable [20] Fig 3 gives the results ol an exper 
iment where three progressively increasing concentrations of 
neocuproine were tested on resveratrol induced DNA break-
age in lymphocytes A progressive decrease in the tail length 
as a function of increasing neocuproine concentration was 
seen From the results we can conclude that the DNA break-
age by the polyphenol involves endogenous copper ions and 
that Cu(I) IS an intermediate m the pathway that leads to 
DNA breakage 
3 3 Effect of active oxygen scavengers on resveratrol induced 
DNA breakage in lymphocytes 
We have previously shown [14] that resveratrol-Cu(II) med-
iated degradation of lymphocyte DNA is inhibited to signifi-
cant degrees by various scavengers of reactive oxygen 
100 
Resveratrol (nM) 
200 
l-ig 2 Effccl of increasing concentrdtions of resveratrol on DNA 
breakage in lymphocytes The viability of cells after incubation was 
found to be greater than 93% Values reported are +S E M of three 
independent experiments 
species Table 1 gives the results of an experiment where three 
such scavengers have been tested, namely superoxide dismu 
tase (SOD) and cataldse which remove supei oxide, and 
H20i, respectively and thiourea which is a scavenger of sev-
eral reactive oxygen species All three cause significant inhibi-
tion ol DNA breakage as evidenced by decreased tail lengths 
We conclude that superoxide anion and H2O2 are essential 
components in the pathway that leads to the formation of hy-
droxyl radical and other species which would be the proximal 
DNA cleaving agents These results along with the results of 
Fig 4 suggest that resveratrol-Cu(II) induced lymphocyte 
DNA breakage and DNA breakage by resveratrol alone are 
likely the result of the same mechanism 
3 4 Comparison of lymphocyte DNA breakage by various 
polyphenols 
According to our hypothesis [13] mobili/ation of endoge-
nous copper and the consequent degradation of cellular 
DNA IS a general mechanism for anticancer properties of plant 
polyphenols However, depending on the structure of the mol-
ecule there would be differences of efficiency between various 
polyphenols We have therefore compared the lymphocyte 
DNA breakage efficiency of various polyphenols with different 
structures Fig 4 shows Comet tail lengths obtained using 
increasing concentrations of resveratrol and piceatannol whose 
parent compound /ranj-stilbene which does not have any hy-
droxyl group and gallic acid which is a structural constituent 
of tannins [7] Syringic acid is a derivative of gallic acid where 
two of the hydroxyl groups are present as methoxy groups It 
Table 1 
Effect of scavengers of active oxygen species on resveratrol induced 
lymphocyte DNA breakage 
Dose 
Untreated 
Resveratrol 200 ^M 
+SOD lOOng/ml 
+Catalase lOOng/ml 
+Thiourea 1 mM 
Tail length (nm) 
1 22 ± 0 08 " 
20 84 ± 1 28 
7 05 ± 0 25* 
8 86 ± 0 29 ' 
11 93 ± 1 01* 
% Inhibition 
_ 
06% 
57% 
45% 
^All values represent S E M of three independent experiments 
P value < 0 05 when compared to control 
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Fig 4 Comparison of various polyphenols on the induction of DNA 
breakage in human lymphocytes (•) gallic acid, (O) piceatannol, (T) 
resveratrol, (A) fra;ii-stilbene, (•) syringic acid The viability of cells 
after treatment was found to be greater than 93% Values reported are 
±S E M of three independent experiments 
is seen that except rrrt/i5-stilbene and syringic acid all the other 
polyphenols are able to induce DNA breakage up to various 
degrees It is worth mentioning that rra/w-stilbene and syringic 
acid are also ineffective as DNA cleaving agent in vitro [9] or 
lymphocyte DNA breakage m the presence of Cu(II) [14] 
? 5 Determination of TBA RS as a measure of oxidative stress m 
/) mphoc\ tes h\ resveratrol and gallic acid m the preienc e of 
neocuprome and thiourea 
As mentioned above we presume that lymphocyte DNA 
breakage is the result of the generation of hydroxyl radicals 
and other reactive oxygen species in situ Oxygen radical dam-
age to deoxynbose or DNA is considered to give rise to TBA 
reactive material [21,22] We have therefore determined the for-
mation of TBA reactive substance (TBARS) as a measure of 
oxidative stress in lymphocytes with increasing concentrations 
of resveratrol and gallic acid The effect of preincubating the 
cells with neocuprome and thiourea was also studied Results 
given in Fig 5(A) and (B) show that there is a dose dependant 
increase in the formation of TBA reactive substance in lym-
phocytes However, when cells were preincubated with neo-
cuprome and thiourea there was a considerable decrease m 
the rate of formatior of TBA reactive substance by both resve-
ratrol as well as gaUic acid These results indicate that both 
DNA breakage and oxidative stress in cells is inhibited by 
Cu(I) chelation and scavenging of reactive oxygen Thus it 
can be safely concluded that the formation of reactive oxygen 
species by polyphenols m lymphocytes involves their interac-
tion A'lth intracellular copper as well as its reduction to Cu(I) 
4. Discussion 
As already mentioned, over the last several years, we have 
extensively characterized a DNA cleavage reaction mediated 
by a number of polyphenols in the presence of copper ions 
[6-9] Subsequently, using human pieripheral lymphocytes 
and Comet assay we confirmed that the polyphenol resveratrol 
in the presence of Cu(II) is indeed capable of DNA degrada-
tion in a cellular system [14] Based on our own observations 
100 200 300 400 
Resveratrol (\M) 
B 12 
100 200 300 
Gallic Acid (HM) 
400 
Fig 5 EITect of pre-incubation of lymphocytes with neomproine and 
thiourea on TBARS generated by increasing concentrations of resve 
ratrol (A) and gallic acid (B) (A) Resveratrol alone (•), resvera 
trol + neocuprome (1 mM) (O), resveratrol + thiourea (I mM)(T) (B) 
Gallic acid alone {•), gallic acid + neocuprome (1 mM) (O), gallic 
acid + thiourea (1 mM) (T) The isolated cells (1 x !0') suspended in 
RPMI 1640 were preincubated with the indicated concentrations of 
neocuprome and thiourea for 30 mm at 3/ °C After pelleting the cells 
were washed twice with PBS (Ca"* and Mg"* free) before resuspension 
in RPMI and further incubation for 1 h in the presence of increasing 
polyphenol concentrations Viability of lymphocytes after preincuba-
tion with neocuprome and thiourea was more than 90% Values 
reported are ±S E M of three independent experiments 
and those of others in the literature we have proposed a mech-
anism for the cytotoxic action of plant polyphenolics against 
cancer cells that involves mobilization of endogenous copper 
and the consequent generation of reactive oxygen species par-
ticularly the hydroxyl radical [13] These other observations in 
the literature include the fact that copper is the major metal 
ion present in the nucleus [23] Further it has been shown that 
serum [24] and tissue [25,26] concentrations of copper are 
greatly increased in various malignancies Copper ions from 
chromatin can be mobilized by metal chelating agents giving 
rise to internucleosomal DNA fragmentation a hallmark prop-
erty of cells undergoing apoptosis [27] Further, it has been 
proposed that most clinically used anticancer drugs can acti-
vate late events of apoptosis (DNA degradation and morpho-
logical changes) and the essential signaling pathways differ 
between pharmacological cell death and physiological induc-
tion of cell death [28] 
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Thus, we suggest that the conclusion of the present study is 
that polyphenols possessing anticancer or apoptosis inducing 
activity are able to mobilize endogenous copper ions possibly 
the copper bound to chromatin It is realized that the above re-
sults do not categorically prove that lymphocyte DNA degra-
dation described above involves mobilization of chromatin 
bound copper However, there are a number of observations 
which suggest that this is indeed the case The generation of 
hydroxy! radicals in the proximity of DNA is well established 
as a cau->e of strand scission It is generally recognized that 
such reaction with DNA is preceded by the association of a li-
gand with DNA followed by the formation ot hydroxyl radi-
cals at that site Among the oxygen radicals the hydroxyl 
radical is the most electrophilic with high reactivity and there-
fore possesses a small diffusion radius Thus in order to cleave 
DNA It must be produced in the vicinity of the DNA [29] The 
location of redox-active metals is o( utmost importance tor the 
ultimate effect because the hydroxyl radical, due to its extreme 
reactivity, interacts exclusively in the vicinity of the bound me-
tal [30] Indeed we have earlier shown that flavonoids are able 
to form a ternary complex with DNA and Cu(II) where Cu(II) 
is reduced to Cu(I) [31] Polyphenols are known to reduce 
molecular oxygen to superoxide anion, an event that may oc-
cur even outside the cell, leading to the formation of H2O2 
[6] Superoxide can also be formed by reoxidation of Cu(I)-
Cu(II) in the ternary complex [31] Chromatin bound copper 
is understood to be present in the reduced form (Cu(I)) [32] 
and thus would be available for reoxidation to Cu(II) by 
H2O; in the Fenton type reaction and binding to polyphenols 
and recycling It is well known that polyphenols autooxidize in 
cell culture media to generate H2O2 and quinones that can en-
ter cells causing damage to various macromolecules [19,33,34] 
This may lead to extracellular production of reactive oxygen 
species that could account for lymphocytes DNA breakage 
However, this does not appear to be the case in our system 
since we have previously shown that no lymphocyte DNA 
breakage is observed on preincubating the cells with resvera-
trol alone up to a concentration of 50 (iM DNA breakage 
could only be seen after incubating the pre-treated cells further 
in the presence of Cu(II) [14] Further, we could not detect any 
H2O2 formation on incubating resveratrol (up to a concentra-
tion of 300 fiM) in RPMI medium (results not shown) 
Evidence suggests that polyphenolic compounds such as tan-
nins and resveratrol are able to traverse cell membranes and 
may enter the cytoplasmic or nuclear space Resveratrol is suf-
ficiently hydrophobic and has been shown to be present in tis-
sues such as heart, liver and kidney [35] The question of 
bioavailability of polyphenols in mammalian systems also 
needs to be addressed Relatively recent work by Asensi et al 
[36] with resveratrol indicates that it may have a relatively 
low bioavailability due to its biotransformation and rapid elim-
ination It was reported that the highest concentration of resve-
ratrol in plasma was reached within the first 5 mm (2 6 ± I nM) 
after receiving 20 mg res/kg b w orally [36] Nevertheless these 
authors lurther report that 5 |iM resveratrol completely inhib-
ited the growth of B-16 M murine melanoma cells Because of 
higher intracellular copper levels it may be predicted that such 
concentrations of resveratrol for cytotoxic action against can-
cer cells would be considerably lower Indeed it has been shown 
that ascorbale which also acts as a prooxidanl in the presence 
ol copper ions is cytotoxic lo a leukemic cell line al a lower con-
centration than normal lymphocytes [37] Most studies on anti-
cancer mechanisms of plant polyphenols invoke the induction 
of cell cycle arrest at the S/G2 phase transition brought about 
by an increase in cyclins A and E and inactivation of cdc 2 
Other mechanisms have also been proposed [36] Based on 
our work we would like to propose that mobilization of endog-
enous copper ions by polyphenols and the consequent p. 00x1-
dant action could be one of the important mechanisirs for 
their anticancer and chemopreventive properties Indeed such 
a common mechanism would better explain the anticancer ef-
fects of polyphenols with diverse chemical structures az also 
the preferential cytotoxicity towards cancer cells 
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